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Foreword 


HE Transactions of The American Society of Mechanical Engineers include 

selected technical papers and reports delivered at meetings of the Society, its 
Professional Divisions, and its Local Sections, the Journal of Applied Mechanics 
(contributions of the Applied Mechanics Division), certain records of the Society of 
permanent value, and indexes to its publications. 

In order to secure the advantages of timeliness and greater usefulness in issuing 
these Society Records, the material comprising them is divided into a number of 
parts, each one of which is mailed as a supplement to one of the regular monthly 
issues of the Transactions. For 1941, the first of these, the present issue, contains 
the personnel of the Council and committees for the year. Another, to be issued 
sometime later in the year, will contain memorial notices of deceased members. 
The indexes to miscellaneous publications, Mechanical Engineering, and to the 
Transactions themselves, must, necessarily, be issued in 1942, and will probably be 
mailed as a supplement to the January issue of that year. 

In binding the 1941 Transactions, all of these parts of the Society Records will be 
assembled at the back of the volume as has been customary for several years. To aid 
in locating references in the bound volumes, the page numbers of the sections con- 
taining the Journal of Applied Mechanics and the Society Records are preceded by 
the letters A and RI, respectively. 

THE COMMITTEE ON PUBLICATIONS 


WILLIAM A. HANLEY 


Presipent or THe AMERICAN Socrery OF MECHANICAL ENGINEERS 
1940-1941 


William A. Hanley 


William Andrew Hanley, mechanical engineer and business executive, of Indian- 
apolis, Ind., President of The American Society of Mechanical Engineers for the 
year 1940-1941, was born in Greencastle, Ind., in 1886. He attended St. Joseph’s 
College, Rensselaer, Ind., for two years and then matriculated at Purdue University, 
where he received the degree of Bachelor of Science in mechanical engineering in 1911. 
Twenty-six years later, his alma mater bestowed upon him the honorary degree of 
Doctor of Engineering. 

Prior to attending Purdue University, Mr. Hanley worked five years for the Re- 
public Steel Corporation and the Broderick Boiler Company, both in Muncie, Ind. 
Immediately after graduation, he entered the employ of Eli Lilly and Company, of 
Indianapolis, manufacturers of medicinal products. Today he is a director of that 
company and head of the engineering division. This division designs and supervises 
all engineering projects, construction, power, maintenance, etc., for the corporation, 
its branches and subsidiaries, and, in addition, operates certain highly mechanized 
production departments. In 1938-1939, Mr. Hanley spent much time in Basingstoke, 
England, building a new manufacturing plant for the British subsidiary of the Lilly 
company. 

Mr. Hanley was elected an Associate-Member of the A.S.M.E. in 1915, promoted 
to full membership in 1920, and made a Fellow in 1936. In 1916, he was one of the 
organizers and the first secretary of the Central Indiana Section. In 1919, the local 
members elected him chairman of the Section. The following year saw the beginning 
of many years of service by him in the activities and affairs of the parent body with 
his acceptance of an appointment as one of the A.S.M.E. representatives on the 
American Engineering Council. During the period from 1922 to 1927, he served on 
the Committee on Local Sections and, from 1933 to 1938, on the Committee on 
Relations With Colleges. In 1927, he was elected to a three-year term as a Manager 
of the Society and, in 1930, to a two-year term as Vice-President. Other A.S.M.E. 
activities in which he has taken a part include the Special Committee on Junior 
Participation, Special Committee on Relationship of Society to Accrediting Program, 
and Committee on Medals. 

Over a long period of years Mr. Hanley has contributed to the technical press a 
number of articles on both engineering and economic subjects. He is a past-president 
of the Indiana Engineering Council, an honorary member of Tau Beta Pi, a member 
of the Newcomen Society of England, and a fellow of the American Association for 
the Advancement of Science. He is also a trustee of Purdue University, of Park 
School of Indianapolis, of the Sigma Phi Epsilon Fraternity (national), and of the 
Associated Catholic Charities of Indianapolis. 
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The American Society of Mechanical Engineers 


HEADQUARTERS: 29 West 397TH St., New York, N. Y. 
MID-WEST OFFICE: Room 1617, 205 Wrst WaAcKER Dare Caieeaos rae 


The members of the Council and of its standing and special committees given on the 


following pages are those in office on January 1, 1941, serving for the official year 1940-1941. 
The terms of office of members of other committees are not fixed by the official calendar. 


OFFICERS AND COUNCIL 


PRESIDENT 
WILLIAM A. HANLEY 


PAST-PRESIDENTS 
Terms expire December 


WitiiaM L. Bart (1941) 
JAMES H. Herron (1942) 
Harvey N. Davis (1943) 
ALEXANDER G. CHRISTIE (1944) 
WarREN H. McBrype (1945) 


VICE-PRESIDENTS 
Terms expire December, 1941 


KennetH H. Conpitr 

FrRANcIs HopGKINSON 

JEROME C. HUNSAKER 
KatsHaw M. Irwin 


Terms expire December, 1942 


SAMUEL B, HARLE 
FRANK H. Prouty 
Epwin B. RIcKETTS 


MANAGERS 


Terms expire December, 1941 


CLARKE FREEMAN 
WILLIAM H. WINTERROWD 
Wrrtis R. WooLricH 


Terms expire December, 1942 


JosepH W. ESHELMAN 
LINN HELANDER 
Guy T. SHOEMAKER 


Terms expire December, 1948 


Houser O. Crorr 
Pau B. EATon 
Grorce E. Huse 


TREASURER 
W. D. Ennis 


SECRETARY 
C. E. Davies 


CHAIRMEN OF STANDING COMMITTEES 


Representatives on Council without vote 


Finance, J. L. Kopr 

Meetings and Program, W. J. WOHLENBERG 
Publications, C. B. Peck 

Admissions, H. E. MoLr 

Professional Divisions, Vicror WIcHUM 
Local Sections, H. L. EagLteston 
Constitution and By-Laws, S. R. BrrrLer 
Honors and Awards, J. W. Ror 


Relations with Colleges, E. W. O’Brien 

Education and Training for the Industries, 
A. R. STEVENSON, JR. 

Library, JoHN BLIZzARD 

Research, KE. G. BAamry 

Standardization, A. L. BAKER 

Power Test Codes, Francts HopGkINson 

Sarety, T. F. Hatcu 


Professional Conduct, E. H. TENNEY 


EXECUTIVE COMMITTEE OF THE COUNCIL 


Wiiitram A. HANtEy, Chairman 
Kennetu H. Conpir, Vice-Chairman 
CLARKE FREEMAN 

KitsHaw M. Irwin 

WILLIAM H. WINTERROWD 


Advisory Members: Chairmen of the 
Finance, Local Sections, and Professional 
Divisions Committees 


SECRETARIAL STAFF 


Ernest HartrorbD, Assistant Secretary (Sections, Divisions, Student Branches, Membership, 
Meetings, etc.) 

C. B. LePace, Assistant Secretary (Technical Committees) 

Georce A. Stetson, Editor 

*REDERICK LASK, Advertising Manager 

D. CG. A. BéswortH, Comptroller 
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FINANCE 


J. lL. Korr, Chairman* (1941) 

K. W. Japrr, Vice-Chairman (1942) 
G. L. Knieur (19438) 

W. I. SuicuTer (1944) 

J. J. Swan (1945) 


Council Representatives 


Kk. B. Rrcxerrs (1941) 
G. E. Hurse (1942) 


Junior Adviser 


A. M. MiLter (1941) 


MEETINGS AND PROGRAM 


W. J. WoHLENBERG, Chairman* (1941) 
A. L. KimBat (1942) 

N. I. FunK (1948) 

L. K. Sittcox (1944) 

F. G. Swirzer (1945) 


Junior Advisers 


IF. M. Greson, Jr. (1941) 
2. F. WARNER, JR. (1942) 


PUBLICATIONS 


C. B. Peck, Chairman* (1941) 
F. L. Brapiry (1942) 

C. R. Soperpere (1943) 

A. R. Stevenson, Jr. (1944) 
Kk. J. Kates (1945) 


Advisory Members (1941) 


W. L. DupLEy 
N. C. HBaucH 
O. B. Scuierr, IT 


Junior Advisers 
C. C. Kirpy (1941) 


F. H. Fowrer, Jr. (1942) 
(Personnel of Special Committee, p. RI-7) 


ADMISSIONS 


. E. Mott Chairman* (1941) 
T. M. Knoop (1942) 

S. H. Lippy (1943) 

L. R. Forp (1944) 

J.P. Jackson (1945) 


se) 
es 


Advisory Member 


R. L. Sackert (1941) 
(Personnel of Advisory Committee, p. RI-8) 


PROFESSIONAL DIVISIONS 


Victor WicHuM, Chairman* (1941) 
G. B. Karenirz (1942) 

W. A. CARTER (1943) 

L. H. Fry (1944) 

J. H. SenesraKen (1945) 


Junior Advisers 


A. EH. Burrer (1941) 

H. B. Fernarp, Jr. (1942) 

(Personnel of Professional Divisions’ Exec- 
utive Committees, p. RI-10) 


* Representative on the Council. 
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STANDING COMMITTEES 


LOCAL SECTIONS 


H. L. Eaeresron, Chairman* (1941) 
J. N. Lanpis (1942) 

F. L. Wrxinson, JR. (1943) 

F. W. Marquis (1944) 

J. A. Kereta (1945) 


Junior Advisers 


Smpngy Davinson (1941) 
C. C. Kirgy (1942) 


(Personnel of Local Sections’ Executive 
Committees, p. RI-15) 


CONSTITUTION AND BY-LAWS 


R. Berrier, Chairman* (1941) 
. T. Dupont (1942) 

. H. Kenney (1943) 

. B. Orr (1944) 

. L. Parsett (1945) 


Hitt pm 


Junior Adviser 
H. M. Brack (1941) 


HONORS AND AWARDS 


J. W. Ror, Chairman* (1941) 
Roy V. WricuT (1942) 

D. C. Jackson (1943) 

C. L. Bauscrm (1944) 

L. W. WALLACE (1945) 


(Personnel of Special Committee, p. RI-7) 


RELATIONS WITH COLLEGES 


E. W. O’Brien, Chairman* (1941) 
A. C. Cutck (1942) 

J. 1. Yetuorr (1943) 

H. E. Dreever (1944) 

G. L. Suttivan (1945) 


Advisory Members (1941) 


J. W. Hanry 
B. T. McMinn 
R. H. Porter 


Junior Adviser (1941) 
J. L. HALy 
(Student Branches and Officers, p. RI-23) 


EDUCATION AND TRAINING FOR 
THE INDUSTRIES 


A. R. SrEvENSON, JR., Chairman* (1942) 
A. B. Wi1xt (1941) 

M. R. Bowerman (1943) 

A. C. Harper (1944) 

R. L. GorerzeNBerGer (1945) 


Advisory Members (1941) 


V. C. ARMSPIGER 
R. Burperre Dae 
A. B. GATES 

H. A. WricHt 


PROFESSIONAL CONDUCT 


iE. H. Tenney, Chairman* (1941) 
W. H. Kenerson (1942) 

C. E. WADDELL (1943) 

V. E. Atpen (1944) 

G. 8. ArMstrone (1945) 


RESEARCH + 


E. G. Barwey, Chairman* (1941) 
W. Trinks (1942) 

M. D. Hersry (1943) 

J. H. WALKER (1944) 

W.R. Exvsey (1945) 


STANDARDIZATION t+ 


A. L. Baker, Chairman* (1941) 
J. E. Lovery (1942) 

L. T. Knocke (1943) 

T. E. Frencnw (1944) 

W. H. Hity (1945) 


POWER TEST CODES t 


FrANcIS Hop@KINson, Chairman* (1944) 
A. G. Curistir, Vice-Chairman (1941) 

W. W. Lawrence, Junior Observer (1941) 
Ti. H. MIcHELsen, Junior Observer (1942) 


Term expires 1941 


A. G. CHRISTIE 
PAUL DISERENS 
Gro. A. ORROK 
L. A. QUAYLE 
W. M. WHITE 


Term expires 1942 


W. A. CARTER 
Harte Cooke 

EK. R. Fis 

H. B. OaTtey 

W. J. WOHLENBERG 


Term expires 1943 


Louis Eviiorr 
G. A. Horne 

H. B. Reynoips 
P. W. Swain 
E. N. Trume 


Term expires 1944 


C. H. Berry 

FrANciIs HopeKinson 
D. S. Jacosus 

L. F. Moopy 

E. B. Ricketts 


Term expires 1945 


THEODORE BAUMEISTER, JR. 
P. H. Harpire 

B. V. E. NorpBERG 

R. Ji. S. Preorn 

M. C. Stuart 


SAFETY + 


T. ¥. Haron, Chairman* (1941) 
A. W. Luce (1942) 

A. E. WINDLE (1943) 

H. C. Houeutron (1944) 

E. R. GRANNIss (1945) 


LIBRARY 


JouN BurzarD, Chairman* (1941) 

E. F. Courcu, Jr. (1943) 

A. R. Mumrorp (1944) 

The Secretary, C. E. Davies, Ex-Officio 


+ Personnel of all Technical Committees. 
pp. RI-25-38. 


\ 


BOO 


, 


BIOGRAPHY ADVISORY 


(Special Committee of Publications 
Committee) 


fox V. Wricut, Chairman 
‘1, P, ALFORD 
5 EH. FLANDERS 


iV. H. WINTERROWD 
it 


\\ 


BOILER CODE 


). 8. Jacosus, Chairman 

4, R. Fisu, Vice-Chairman 

3, W. Oper, Honorary Secretary 
M. Jurist, Acting Secretary 

3. A. Apams 
i 
= 
LR. 
& 


4 


; 


EH. ALpRICcH 
©. BoAaRDMAN 
ERRY CASSIDY 
¥ CECIL 
CLARK 

7 HLy 

M. Frost 

HE. Gorton 


RF. 
vA. 
HV. 
C. 
“A. M. Greene, JR. 
iW. 
v. 
IT. 
C. 


| 
, 
oI 


\G. HumMptTon 
O. LrrcH 
E. Mourrope 
O. Myrrs 


i 
K 
tt 
: 

JAMES PARTINGTON 


‘WaALteR SAMANS 
SS. K. VARNES 


iA. C. WEIGEL 
Honorary Members 
“W. H. BorumM 
OW. F. DuRAND 
T. HE. DurBan 
1C. L. Huston 
OW. I’. Kieset, JR. 
M. F. Moore 


| H. H. VaucHan 
H. LeRoy WHITNEY 


(Personnel of Boiler Code Committees, pp. 


RI-37-38) 


MEDALS 
and Awards) 
Term expires 1941 


J. W. Ror, Chairman 
OH. A. EVERETT 

H. A. 8. HowarTH 
Gro. A. ORROK 


Term expires 1942 


_ ALEXANDER KLEMIN 
E. W. O’BRIEN 
E. 8. PEARCE 


j Roy V. WricHtT 


Term expires 1943 


. M. ALLEN 

. L. DAUGHERTY 

. C. JaAcKSoNn 

. C. MarsHatt, JR. 


Term expires 1944 


C. L. BauscH 

Francis HopcKINsoNn 
L. C. Morrow 

J. M. Topp 


(Special Committee of Board of Honors 
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SPECIAL COMMITTEES 


MEDALS 
(Continued) 


Term expires 1945 


A. D. BAILEY 

J. W. BARKER 
CLARKE FREEMAN 
L. W. WALLACE 


REGULAR NOMINATING COMMITTEE 
FOR 1941 


A. L. KIMBALL, Chairman 
N. C. Esauen, Secretary 


I W.F. THomeson, New Haven, Conn. 

BE. S. Dennison, Groton, Conn., 1st 
Alternate 

R. A. NorrH, Ansonia, 
Alternate 


Conn., 2nd 


Il &. J. Bruies, New York, N.Y. 
W. McC. McKerr, New York, N.Y., 
Alternate 


Ill A. L. Krmpatz, Schenectady, N.Y., 
Chairman 
C. M. Merrick, Easton, Pa., 1st Al- 


ternate 
S. T. Harz, Syracuse, N.Y., 2nd Al- 
dernute 


IV N.C. Epaven, Gainesville, Fla., Sec- 
retary 

C. E. Kerouner, Greensboro, N.C., 
ist Alternate 

H. S. Kent, Homewood, Md., 
Alternate 


and 


V 4&H.B. Joycs, Erie, Pa. 
C. J. Freunp, Detroit, Mich., Alter- 


nate 


V1 R. BE. Turner, Chicago, Ill. 
e C. CG. Witcox, Notre Dame, Ind., 1st 
Alternate 
Cc. A. Jacoznson, Beloit, Wis., 2nd 
Alternate 


VII Earn Menpennart, Los Angeles, 
Calif. 

H. L. Doourrrie, Los Angeles, Calif., 
1st Alternate 

W. H. Cuapp, Pasadena, Calif., 


Alternate 


and 


L. J. LASSALLe, University, La. 

W. H. Carson, Norman, Okla., 1st 
Alternate 

A. lL. Hit, Denver, Colo., 2nd Al- 
ternate 


Vill 


LOCAL SECTIONS IN NOMINATING 
COMMITTEE GROUPS 


GROUP I 


Boston 

BRIDGEPORT 

GREEN MouNTAIN 
HARTFORD 

New HAvEN 

Norwich 

PROVIDENCE 

WATERBURY 

Western MASSACHUSETTS 
WORCESTER 
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NOMINATING COMMITTEE GROUPS 


(Continued) 
GROUP II 


Merropouritan (N.Y.) AND MrMBERS- 
OvTsipe THE UNITED STATES 
(Excerr Onrario Suction MreMBrERS) 


GROUP Iil 


ANTHRACITE-LEHIGH VALLEY 
BUFFALO 

CENTRAL PENNSYLVANIA 
PHILADELPHIA 
PLAINFIELD 

ROCHESTER 

SYRACUSE 
SUSQUEHANNA 
WASHINGTON 

ITHACA 

BALTIMORE 
SCHENECTADY 


GROUP IV 


ATLANTA 

PrepMoONtT-NoRTH CAROLINA 
East TENNESSEE 
BIRMINGHAM 

FLORIDA 

GREENVILLE 

MempnHuis 

RALEIGH 

SAVANNAH 

VIRGINIA 


GROUP V 


AKRON-CANTON 
CINCINNATI 
CLEVELAND 
CoLUMBUS 
Dayton 
DeErroiT 

TRIE 

ONTARIO 
PITTSBURGH 
PENINSULA 
TOLEDO 

West VIRGINIA 
YOUNGSTOWN 


GROUP VI 


CENTRAL ILLINOIS 
CENTRAL INDIANA 
CHICAGO 

Forr WAYNE 
LOUISVILLE 
MILWAUKEE 
N&EBRASKA 
MINNESOTA 

Rock River VALLEY 
Sr. JosepH VALLEY 
St. Louis 
Tri-CITIES 


GROUP VII 


INLAND EMPIRE 

Los ANGELES 

OREGON 

San ’RANCISCO 

UTAH 

WESTERN WASHINGTON 


GROUP VIII 


CoLORADO 
Kansas Criry 
Mip-ContTINEN?T 
New ORLEANS 
Norro Texas 
SourH Tmxas 


RLS8 


ADVISORY COMMITTEE TO COM 
MITTEE ON ADMISSIONS 


H. A. LARDNER, Chairman 
R. i. FLANDERS 

EK. C, HurcHinson 
Atrrep IDDLES 

J. H. LAWRENCE 

Roy V. WricHt 


BOARD OF REVIEW 


G. L. Knient, Chairman (1941) 
W. A. SHoupy (1942) 
P. W. Swain (1943) 


BOARD ON TECHNOLOGY 


KK. H. Conpit, Chairman 

R. F. Gace 

J. C. HUNSAKER 

W. J. WoHLENBERG (Meetings and Pro- 
gram) 

Victor WicHUM (Professional Divisions) 

F. L. Brapitey (Publications) 

E. G. Battey (Research) 


CONSULTING PRACTICE 


S. Logan Kerr, Chairman 
Pais Barry 
M. X. WILBERDING 


DEPRECIATION 


H. V. Cors 
P. T. Norton, JR. 


DUES-EXEMPT MEMBERS’ 
CONTRIBUTIONS 


HartTE Cooke, Chairman 
G. W. Farny 

F. D. Herserr 

S. H. Lisry 

J. W. Roe 

W. R. WEBSTER 

W. D. Ennis, Treasurer 


ECONOMIC STATUS OF THE 
ENGINEER 


C. J. Freunp, Chairman 
D. S. KIMBALL 

C. N. Laver 

H. B. OaTiry 

H. L. WuirremMore 
W. E. WICKENDEN 
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SPECIAL COUNCIL COMMITTEES 


(Dates in parentheses denote expiration of terms) 


ECONOMIC STATUS OF THE 
ENGINEER 


(Continued) 


Junior Representatives 


W. F. CARHART 
W. S. MAGALHAES 
W. B. OAKLey, JR. 


Chairmen of Committees on Local Sections 
and Relations With Colleges, Hwx-U fficio 


ENGINEERS’ CIVIC RESPONSI- 
BILITIES 


A. R. CuLtrmore, Chairman 
LInLiAN M. GILBREeTH 
WALTER KippE 

H. B. Oatiry 

J. W. Ror 

W. H. WiINTERROWD 

Roy V. WricHt 

D. Ropert YARNALL 


Chairmen of Committees on Local Sections 
and Relations With Colleges, Hx-O fficio 


FREEMAN FUND 


CLARKE FREEMAN, Chairman 
K. C. HutcHINsoNn 
Gero. A. ORROK 


LEADERSHIP IN PROFESSIONAL 
DIVISIONS 
Atrrep IppLes, Chairman 
K. H. Conort 
Linn HELANDER 


FrANcIS HopGKINSON 
W. R. Woo.LricH 


NATIONAL DEFENSE 
J. L. WALSH, Chairman 
C. E. Davies, Secretary 
Advisory Members 


W. L. Barr 
Gano DUNN 
i. A. MULLER 


Army und Navy Members 


A. B. AnprRSoN (Navy) 
H. K. Rurnerrorp (Army) 


ze. 


NATIONAL DEFENSE 
(Continued) 


General Committee 


‘C. E. BRINLEY 

H. V. Cors 

K. H. Conpir 

J. D. CUNNINGHAM 
H. N. Davis 

W. C. DickERMAN 
W. F. Duranp 

R. E. FLAnpERS 
K. T. KEeLuer 
Davip LARKIN 

F. T Lrercurimpp 
T. A. Morgan 

R. C. Murr 

YT E. Murray 

W. 1. WESTERVELT 
A. C. WILLARD 


REGISTRATION 


V. M. PAutmMeErR, Chairman 
S. H. Grar 

J. A. McPHERSON 

F, H. Prouty 

W. K. Srmpson 


SOCIETY OFFICE OPERATION 


ALFRED IpDLES, Chairman 
WALLACE CLARK 
W. H. WINTERROWD 


FREDERICK W. TAYLOR MEMORIAL 


L. P. ALForp 
M. L. Cooke 
H. N. Davis 
R. T. Kent 


GEORGE WESTINGHOUSE BUST 


D. 8S. KimMBaLy, Chairman 
C. E. Davins, Secretary 
K. T. Compron 

S. W. Duprey 

C. N. LAUER 

W. G. MARSHALL 

J. H. McGraw 

L. A. OsBorNE 

C. F. Scorr 

J. B. WricHtT 

Roy V. WricutT 


MERICAN ASSOCIATION FOR THE 
ADVANCEMENT OF SCIENCE 


SECTION M, ENGINEERING 
p.. BF. Gace 

.. L. SACKETT 

AMERICAN STANDARDS 
, ASSOCIATION 


i L. Baker (1942) 
\LFRED IppLEs (1943) 


Alternates 


* B. LePace (1941) 
Vv. ©. Murtirr (1941) 


AMERICAN YEAR BOOK 
CORPORATION 


). EK. Davies 


CENTER FOR SAFETY 
EDUCATION 


T, B. CHALMERS 


COAL TESTING CODE 
| JOINT COMMITTEE WITH THE A.I.M.E. 


2. L. Rowan, Chairman 
J. F. BARKLEY 

R. A. ForESMAN 

2. M. HARDGROVE 

T. A. MarsH 

"4. R. Mumrorp * 

2 rrcy NICHOLLS 

3. A. SHERMAN 

/u. A. SHIPMAN 

4. W. THORSON 


THOMAS ALVA EDISON 
FOUNDATION 


Water KIDDE 


THE ENGINEERING FOUNDATION 


*K. H. Convir (1943) 

A. A. Porrer (1943) 

RY. H. FuLwetter (1944) 

! RESEARCHL PROCEDURE COMMITTEE 


‘w. H. Furwerrr (1941) 


ENGINEERING HISTORY 


Gro. A. OrROK 
J. W. Ron 


ENGINEERING SOCIETIES LIBRARY 
BOARD 

JOHN BLIZARD 

KE. F. CaurcH 

_A, R. MuMrorp 

Secretary, A.S.M.E., Hx-O fficio 


ENGINEERING SOCIETIES MONOGRAPHS 
COMMITTEE 
‘EK. J. Kates 
Ra. B. KaAReLiTz 


ie * Also represents Power Test Codes Com- 
» mittee. 
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A.S.M.E. REPRESENTATIVES ON OTHER ACTIVITIES 


See also AS.M.E. Representatives on Other Research Committees, etc., pages RI-26, 31, 34, 35, 38 
(Dates in parentheses denote expiration of terms) 


ENGINEERING SOCIETIES PERSON- 
NEL SERVICE, INC., 


Ernest Harrrorp, National Board 

R. D. Brizzouara, Chicago Board 

C. J. Freunp, Detroit Board 

Ernesr Harrrorp, Chairman, Metropolitan 
Board 

S. R. Dows, San Francisco Board 


ENGINEERS’ COUNCIL FOR PROFES- 
‘SIONAL DEVELOPMENT 


H. T. Wootson (1941) 
R. L. Sackerr (1942) 
A. R. Stevenson, Jr. (1943) 


ENGINEERS’ NATIONAL RELIEF 
FUND 


ErNest HARTFORD 


JOHN FRITZ MEDAL BOARD OF 
AWARD 


J. H. Herron (1941) 
H. N. Davis (1942) 

A. G. Curistig (1943) 
W. H. MoBrype (1944) 


FUEL VALUES 
JOINT COMMITTEE WITH THE A.I.M.E. 


A. D. BAILEY 

HH. H. Barry 

¥F. M. Grsson 

H. Drake HARKINS 
J. C. Hosss 

A. L. PeNNIMAN, JR. 
H. B. RIcKerts 

E. H. TENNEY 


GANTT MEDAL BOARD OF AWARD 


L. C. Morrow (1941) 
Linuian M. Gruprern (1942) 
L. P. Atrorp (1943) 


DANIEL GUGGENHEIM MEDAL 
FUND, INC. 


KE. A. Sperry, Jr. (1941) 
Aex. KirMiIn (1942) 
R. F. Gace (1943) 


JOSEPH A. HOLMES SAFETY 
ASSOCIATION 


J. F. BARKLEY 


HOOVER MEDAL BOARD OF AWARD 


W. H. Kenerson (1941) 
S. F. Vooruers (1943) 
W. L. Batt (1945) 
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INTERNATIONAL ELECTROTECH- 
NICAL COMMISSION 


U.S. NATIONAL COMMITTEE 


H. N. Davis 

Pau. DISERENS 

Francis HopGkiInson 
Aternate 


©. Harotp BERRY 


MARSTON AWARD 
Geo. A. ORROK 


NATIONAL BUREAU OF ENGINEER- 
ING REGISTRATION 


V. M. PALMER 


NATIONAL CONFERENCE ON ENGI- 


NEERING POSITIONS 


W. F. CarHArtT 
W. L. CisLer 
H. B. OATLEY 
R. L. SACKETT 


NATIONAL FIRE WASTE COUNCIL 
J. A. NBALE 


NATIONAL MANAGEMENT COUNCIL 


L. C. Morrow (1942)—J. R. Bangs, Alter- 
nate 

L. P. Atrorp (1943)—C. W. Lyris, Alter- 
nate 

J. M. Tarzor (1944)—H. B. Bereen, Al- 
ternate 


NATIONAL RESEARCH COUNCIL 


DIVISION OF ENGINEERING AND INDUSTRIAL 
RESEARCH 


W. L. Barr (1942) 


ALFRED NOBLE PRIZE 
A. M. GREENE, JR. 


UNITED ENGINEERING TRUSTEES, 
INC. 


H. A. LARDNER (1942) 
WaALterR Kippe (1943) 
K. H. Conpir (1944) 


VERMILYE MEDAL ADVISORY 
COMMITTEE 


R. A. WENTWORTH 


WASHINGTON AWARD COMMISSION 


Ww. L. Aszorr (1941) 
C. B. Nore (1942) 
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STANDING COMMITTEE 


Vicror WicHuM, Chairman (1941) 
G. B. Karenirz (1942) 

W. A. Carter (1943) 

L. H. Fry (1944) 

J. H. SenesTaken (1945) 


Junior Advisers 


A. 5. Brrrer (1941) 
H. B. Fernarp, Jr. (1942) 


Aeronautic 
Organized, 1920 
C. H. Douan, II, Chairman 


EXECUTIVE COMMITTEE 


. Dotan, II, Chairman 
. CLARK, Secretary 

. ALDRIN 

. Gace 

. YOUNGER 


HAO 
Se te 2 


Junior Advisers 


F. H. Fow er, JR. 
HeRBerT KUNEN 


ADVISORY COMMITTEE 


Kart ARNSTEIN 
CARL BREER 

E. C. CLARKE 

H. M. Crane 
Louis DEF LoREz 
W. F. Duranp 

A. J. GIFFORD 

M. B. Gorpon 
WILLIAM HoveGAarD 
J. C. HUNSAKER 

P. G. JOHNSON 

C. F. Kerrmrine 
ALEX. KLEMIN 

R. K. LEBLonp 

W. B. Mayo 

P. B. Morgan 

T. A. Morgan 

S. A. Moss 

E. A. SPERRY 

A. R. STEVENSON, JR. 
J. G. VINCENT 
THEO. VON KARMAN 
C. J. WARD 

E. P. WARNER 

B. M. Woops 
ORVILLE WRIGHT 


Ammunition 


(Professional Group) 


Organized, 1940 


Committee to be appointed 


as 
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PROFESSIONAL DIVISIONS 


Arvricte B6A, Par. 16: The Standing Committee on Professional Divisions shall, under the 
direction of the Council, have supervision of the Professional Divisions of the Society. 


Applied Mechanics 


Organized, 1927 
J. P. Den Harroe, Chairman 


EXECUTIVE COMMITTEE 


J. P. Den Hartoe, Chairman 
H. L. Drypen, Secretary 

J. H. Kepnan 

JESSE ORMONDROYD 

B. M. Woops 


Associates 


Ruren EKSERGIAN 
J. C. HuNSAKER 
A. L. KIMBALL 

F. M. Lewis 

G. B. Prgram 

C. R. SopERBERG 

E. O. WATERS 

H. M. WEsTERGAARD 


Representative on Aviation Liaison Group 


J. C. HUNSAKER 


Research Secretary 


JESSH ORMONDROYD 


JOURNAL OF APPLIED MECHANICS 
J. M. Lesseiis, Editor 


SPONSORS 


Dynamics, KE. L. THEARLE 

Elasticity, SrepHEeNn TIMOSHENKO 
Fluid Mechanics, H. L. DrypEN 
Lubrication, G. B. KARELITZ 
Plasticity, A. NADAT 

Strength of Materials, R. E. Pererson 
Thermodynamics, J. A. Gorr 


Fuels 


Organized, 1920 


WiLLIAM G. CHRisty, Chairman 


EXECUTIVE COMMITTEE 


WILLIAM G. Curisty, Chairman 

D. C. WEEKs, Necretary 

O. F. CAmppeiyi, Representative on Avia- 
tion Liaison Group 

H. F. Hesiey 

A. R. MumrForp 

A. W. THoRSON 


Associates 


J. F. BARKLEY 
J. 8S. BenNer?T, 3RD 


FE. R. Karser 
T. A. Marsu 
M. A. Mayers 
R. L. Rowan 
J. HE. Tosry 
D. C. WEEKS 


COOPERATION WITH A.I.M.E. 
J. E. Tosny, Chairman 


MODEL SMOKE LAW 


J. F. Barkiey, Chairman 
O. F. CAMPBELL 

A. G. CHRISTIE 

WILLIAM G. CHRISTY 

T. A. MarsH 

T. KH. Purceti 

R. A. SHERMAN 

R. R. TucKER 


PROGRAM 


. W. THorson, Chairman 
S. FRANK, Assistant Chairman 
i. R. Karser, Junior Member 
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REVIEW OF PAPERS 


WILLIAM G. CHRISTY 
M. D. ENeLE 

A. W. THORSON 

D. C. WreEks 


Graphic Arts 


Organized, 1922 
EXECUTIVE COMMITTEE 


T. IE. Darton, Secretary 
A. E. GiIncgengack 

rE. W. Hoor 

W. B. Laucuton 

R. G. MacDonap 

W. M. Passano 

B. L. Srres 

B. D. Stevens 

B. L. WEHMMHOFF 


Heat Transfer 


(Professional Group) 


Organized, 1938 


E. D. Grimson, Chairman 
W. 8. Parrerson, Growp Secretary 


EXECUTIVE COMMITTEE 


KE. D. Grimison, Chairman 
T. B. Drew 

L. M. K. Borirer 

Rk. A. BowMAN 

H. C. Horren 


Advisory Associates 


C. E. Luoxp 
A. K. Scorr 
J. H. SEnesTakEN 


Junior Representatives 


J. L. Mmnson 
R. H. Worn 


Heat Transfer 
(Continued) 


COORDINATION 
_ 8. PATTERSON 


- Liaison Officer for Local Sections 
K. Scorr 


opresentative on Aviation Liaison Group 
| M. K. Borirer 


Representatives of Other Divisions 
il 


iels, B. J. Cross 

ydraulic, J. D. ScovILir 

‘on and Steel, W. TRINKS 

‘1 and Gas Power, F. G. HecHLer 
stroleum, J. D. PETERSON 

ower, O. F. CAMPBELL 

socess Industries, ARNOLD WEISSELBERG 
wailroad, L. H. Fry 


Research Secretary 
' B. Drew 


\ Members at Large 


) M. K. Bor.tTer 
. H. HemMan 
;. L. TUvVE 


DIRECT-FIRED FLUID HEATERS 
AND BOILERS 


. D. Grrmison, Chairman 
-OHN BLIZARD 

. S. Frank 

|. B. SCHUELLER 
J. J. WOHLENBERG 


INDUSTRIAL FURNACES AND KILNS 


her. Trinks, Chairman 
ie C. Horren 
hy. A. TICKNOR 


PAPERS 


| V. L. De BAUFRE, Chairman 
ii. A. BowMAN 

}, F. KAYAN 

. K. Scorr 

|\. A. SHERMAN 


TESTING TECHNIQUE 


I. C. Horrer, Chairman 
3. J. Cross 

t. H. JACKSON 

_. H. RusHron 

11. K. Scorr 

Fa 


THEORY AND FUNDAMENTAL 
RESEARCH 


a. M. K. Bortrer, Chairman 
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THERMO-PHYSICAL PROPERTIES 
OF MATERIALS 


R. H. Norris, Chairman 
O. KenNETH BATES 

T. H. CHILTon 

RvC. H. Heox 

Max JAKOB 

R. J. 8. Preorr 

J. F. Downie SmitH 


SUBCOMMITTEE ON Speciric Har or GASES 


Max Jaxkos, Chairman 
W. L. De BAUFRE 

J. A. Gorr 

A. C. GULLIKSON 

R. C. H. Heox 

R. J. S. Picorr 

R. L. SwEIGERT 


UNFIRED HEAT TRANSFER 
EQUIPMENT 


R. A. BowMAN, Chairman 
W. H. BEeLine 

A. C. MUELLER 

B. E. SHorr 

TOWNSEND TINKER 


Hydraulic 
Organized, 1926 


E. B. Srrowcer, Chairman 


EXECUTIVE COMMITTEE 


E. B. Srroweer, Chairman 
L. J. Hoorrr, Secretary 
M. P. O'BRIEN 
J. D. ScoviILLE 
¥F. G. Switzer 
R. V. Terry 
CAVITATION 
E. B. Srrowcer, Sponsor 
L. F. Moony, Chairman 


R. T. KNAPP 

J. M. Mousson 
W. J. RHEINGANS 
G. F. WISLICENUS 


Representatives of Other Societies 


American Society for Testing Materials, 


¥. N. SPELLER 
Engineering Institute of Canada, ERNEST 
Brown 
Institution of Mechanical Engineers, G. 8. 
BAKER 
Representative of France 
A. TENOT 


HYDRAULIC PRIME MOVERS 


R. V. Terry, Sponsor 
J. F. Rozerts, Chairman 
A. ABERLI 

KH. H. CoLiins 

J. P. GROWDEN 

L. F. Harza 

P. L. HEsLop 

GEORGE JESSUP 

F. H. Rogers 

¥. ScHMIDT 

S. O. SCHOMBERGER 
S. H. Van PATTER 
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PUMPING MACHINERY 
¥F. G. Switzer, Sponsor 
R. L. Daucuerty, Chairman 
WATER HAMMER 
Honorary Ohairman, Lorenzo ALLIEVI, 


Rone, Italy 


J. D. ScoviLLe, Sponsor 

S. Logan Kerr, Chairman 
N. R. Grsson 

WucENeE HALMos 

L. F. Moopvy 

R. 8. Quick 

EH. B. StRowGEeR 


Affiliated Societies and Their 
Representatives 


American Society of Civil Engineers, N. R. 
Gisson and Forp Kurrz 

American Water Works Association, F. M. 
Dawson and L. H. Kessier 


Associate Members, Representing: 


Australia, Grorar HigGins 

Brazil, A. W. K. Brutres and F. Knapp 

Engineering Institute of Canada, R. W. 
Awneus and F. M. Woop 

France, Louis BERGERON 
CAMICHEL 

Germany and Verein deutscher Ingenieure, 
D. THOMA 

Great Britain and Institution of Mechani- 
cal Engineers, E. Bruce Bauy and A. H. 
GIBson 


and CHARLES 


Italy, Gauprnzio Fantotr and ALBINO 
PASINI 

Switzerland, CHARLES JarcerR and O. 
SCHNYDER 


Machine Shop Practice 
Organized, 1921 


So, HINSTEIN, Chairman 


EXECUTIVE COMMITTEE 
Son Ernstein, Chairman 
WARNER SEELY, Secretary 
BH. W. ERNEST 
A. M. JoHNSON 
HERiK OBERG 


CUTTING METALS 


Hans Ernst, Chairman 


FOUNDRY PRACTICE 


JAMES THOMSON, Chairman 
R. E. Kennwpy, Secretary 


LUBRICATION ENGINEERING 


B. G. Tang, Chairman 
C. M. Larson 
H. J. Masson 
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Machine Shop Practice 
(Continued) 
MACHINE DESIGN 


E. O. Warers. Chairman 
A. E. R. pr JONGE 

J. H. MarcHanr 

J. MARIN 


WELDING 


C. W. Opert, Chairman 


Management 
Organized, 1920 
H. B. Brereen, Chairman 
EXECUTIVE COMMITTEE 


H. B. Breresn, Chairman 


J. R. Banes, Jr., Vice-Chairman 
G. M. Varea, Secretary 

L. A. AppLey 

J. M. Targor 


ARCHIE WILLIAMS 


Representatives of Local Sections 


Atlanta, 8S. C. Hate 

Kansas, A. H. Stuss 
Louisville, C. D. ELprmceE 
Metropolitan, W. F. CarHartT 
Milwaukee, B. V. E. NorpBere 
Philadelphia, C. 8. Gorwats 
Seattle, H. J. McIntyre 


Junior Adviser 


F. R. Kiernan 


Representative on Aviation Liaison Group 
R. E. Gittmor 


Research Secretary 
E. H. HempPrn 


GENERAL COMMITTEE 


L. P. ALrorp 

R. M. Barnes 
W. L. Barr 

C. W. BEESE 

F. B. Brett 
WALLACE CLARK 
H, V. Cors 

K. H. Conpir 
Howarp CooNnLey 
N. E. Exsas 

S. P. Fisuer 

R. EK. FLANDERS 
W. D. FULLER 
W. H. GEseLu 
Linvian M. GirprerH 
R. E. GirtmMor 
¢. H. Harce 

K. H. Hemernu 
P. E. HoLtpen 
W. F. Hosrorp 
J. M. JuRan 

D. S. KimMBari 
W. H. KusHnick 
T. 8. McEwan 
L. C. Morrow 

A. |. Prerrrson 
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GENERAL COMMITTEE 
(Continued) 


. B. PoRTER 

. E. RAYMOND 
'. W. Ror 

1. A. SCHELL 

. D. Smire 

. W. WALLACE 
. EH. YOUNGER 


Sal slesiicsl Ves) ls 


COMMITTEE CHAIRMEN 


Administration Organization, L. A. APPLEY 


Industrial Marketing, J. R. Bangs, JR. 
Mathematical Statistics, A. I. Perrrson 
Works Standardization, J. M. JuRAN 


DEPRECIATION STUDIES 


H. V. Coss 
P. T. Norton, JR. 


Materials Handling 


Organized, 1920 
G. i. HAGEMANN, Chairman 


EXECUTIVE COMMITTEE 


G. E. HAGEMANN, Chairman 
R. B. Renner, Vice-Chairman 
F. J. Sapparp, JR., Secretary 
C. F. Dirrz 

J. A. JACKSON 

M. C. Maxwer.. 


Associates 


. ELMER 
. KELLER 
. McLain 
. Moore 
. OESTERLE 
SMITH 
_ WEBB 


Wyant c 


Junior Associates 


A. J. BURKE 
CORNELIUS CROWLEY 
BE. Z. GABRIEL 

R. W. GRuNDMAN 
D. D. Jonrs 

Prtrer SHAW 


Metals Engineering 
(Formerly Iron and Steel) 
Organized, 1927 
Reorganized, 1940 
W. R. WEBSTER, Chairman 


EXECUTIVE COMMITTEE 


W. R. WessteEerR, Chairman 
R. A. Norru, Secretary 

J. A. CLAuss 

G. L. Fisk 

J. H. Hircencock 

W. TRINKS 


Associates 


A. J. BoYNTON 

S. M. MarsHALu 
B. C. McFappen 
J. H. RoMANN 

M. D. Stone 

R. J. WEAN 

S. M. WrEcKSTEIN 
T. H. WICKENDEN 


Oil and Gas Power 


Organized, 1921 
C. W. Goon, Chairman 


EXECUTIVE COMMITTEE 


C. W. Goon, Chairman 

L. N. Rowtey, JRr., Secretary 
H. 1B. Drecrer 

E. S. DENNISON 

W. L. H. DoyLe 

F. G. HecHLer 


Associates 


R. D. CAMPBELL 
G. J. DASHEFSKY 
L. R. Forp 

W. K. Gregory 
E. J. Kates 

L. H. Morrison 

B. V. I. NorpBer@ 
M. J. Reep 

Ler SCHNEITTER 


Junior Adviser 


C. K. HoLtitanp 


Research Secretary 


Ler SCHNEITTER 


Liaison Representatives 


American Society of Naval Architects and 
Marine Engineers, L. R. Forp 

Aviation Liaison Group, H. E. Dreier 

Heat Transfer Group, F. G. HECHLER 


EDITING 


EK. J. Kates 
Ernest NIBBs 
M. J. REED 


METROPOLITAN SUBCOMMITTEE 


E. J. 
IBA dae 
M. J. 


KATES 
Morrison 
ReErEpD 


OIL ENGINE POWER COST 


H. C. Masor, Chairman 
H. C. Lenrest, Secretary 
B. B. BACHMAN 

R. P. BoLster 

L. T. Brown 

R. D. CAMPBELL 

E. Hate Coppine 

W. J. CUMMING 


OIL ENGINE POWER COST 
(Continued) 


fm. J. KATES 
A. B. Morcan 


b+. D. NorLes 

AL. J. Reep 

3. Tom SAWYER 
“me SCHNEITTER 
>, H. SCHWEITZER 
H. C. THUERK 

(}. A. TRIMMER 
“RTANLEY WRIGHT 


In1L AND GAS POWER CONFERENCES 
1941 Arrangements Committee 


W. Goon, Chairman 

_C. Boyer, Chairman, Kansas City Ar- 
rangements Committee 

/H. KE. Drcier 


: Sxleor 


1942 Location and Selection Committee 


W. L. H. Doyir, Chairman 
PC. W. Goopo 
\W. K. GreGoRY 


PUBLICITY 


OL. H. Morrison 


TECHNICAL PROGRAM 


/E. S. DenNISON, Chairman 
G. C. BoYER 

OW. L. H. DoyLe 

| Lez SCHNEITTER 


Petroleum 
Organized, 1925 
Reorganized, 1937 


W. F. Hersert, Chairman 


EXECUTIVE COMMITTEE 


} 
|W. F. Herpert, Chairman 
~W. H. Carson, Secretary 
H. R. AUERSWALD 

)E. H. Bartow 

‘H. L. Ecereston 


GENERAL COMMITTEE 
Atlantic Group 


‘Gusravus AUER 
1. E. Frank 
1T. H. HAMILTON 
| J. D. Pererson 
‘Vv W. SmirH 


Mid-Continent Group 


| H. A. AUERSWALD 
‘C. J. Coperty 
_W. F. Hersert 
Ff. J. Hotzpaur 
/W. H. Srurve 
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Power 


Organized, 1920 
G. C. Haron, Chairman 


EXECUTIVE COMMITTEE 


G. C. Haton, Chairman 

L. M. Gotpsmirn, Secretary 

TITEODORE BAUMEISTER, JR., Research Sec- 
retary 

O. F. CAMPBELL 

E. L. Hoprrne 


Junior Adviser 


FE. Ropert HArtTiIn 


Process Industries 


Organized, 1934 
J. W. Hunter, Chairman 


EXECUTIVE COMMITTEE 


J. W. Hunter, Chairman 
Tl. R. Oxuive, Secretary 
THEODORE BAUMEISTER, JR. 
RicHarp O’MARA 
WILLIAM RAISscH 

A. EF. SprrzeLass 

ARNOLD WEISSELBERG 

W. R. Woo.LricH 

ai, 1, Naame 

F. L. YERZLEY 


Liaison Officer With Standing Committee on 
Professional Divisions 


J. H. SENGSTAKEN 


Junior Adviser 


G. M. BEISCHER 


Research Secretary 


ARNOLD WEISSELBERG 


Other Liaison Representatives 


Aviation Liaison Group 
Industrial Instruments and Regulators 
Committee, H. A. SPERRY 
Subdivision on Rubber and Plastics 
W. F. Barror, Plastics 
F. L. Yerziry, Rubber 
Heat Transfer Group, ARNOLD WEISSELBERG 
Society of Automotive Engineers, F. L. 
YERZLEY 


COMMITTEE CHAIRMEN 


Air Conditioning, C. F. KAYAN 
Drying, ARNOLD WEISSELBERG 
Food Processing, G. L. MONTGOMERY 
Industrial Instruments and Regulators 
BE. S. Smiru, Chairman 
A. F. Sprrzeiass, Secretary 
J. C. Perers, Acting Secretary 
Manufactured Gas, G. M. BEISCHER 
Mechanical Separation, RicwarD O’MARA 
Papers, Awards, and Honors, C. E. LUCKE 
Program, J. W. HUNTER 
Pulp and Paper, A. D. ASBURY 
Sanitation, WILLIAM RAIscH 
Sugar, F. M. Gipson 
Sulphur, B. E. Snort 
Vegetable Oils, R. W. Morron 
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Subdivision on Rubber and 
Plastics 


EXECUTIVE COMMITTEE 


F. L. Yerziey, Chairman 

J. F. D. Smirun, Vice-Chairman 
G. M. Kune, Secretary 

W. F. Barror 

S. H. Hann 

L. E. JERMY 

R. A. Norte 

W. A. ZiInzow 


Railroad 


Organized, 1920 
A. 1. Livperz, Chairman 


EXECUTIVE COMMITTEE 


A. I. Lierrz, Chairman 
GC. L. Combes, Secretary 
J. G. ADAIR 

D. S. Evtis 

J. R. JACKSON 

W. M. SHEEHAN 


GENERAL COMMITTEE (RR2) 


A. I. Lieetz, Chairman 
H. P. ALLSTRAND 
B. 8S. Carn 

W. I. CANTLEY 

J. BH. DAVENPORT 
L. B. JONES 

F. G. Lister 

F. EH. Lyrorp 

K. F. Nystrom 

A, A, RAYMOND 
JoHn ROBERTS 

R. W. SALISBURY 
W. C. SANDERS 
DENNISTOUN Woop 
E. G. Youne 

G. A. Youne 


ADVISORY COMMITTEE (RR3) 


1 Ae Ry 

G. W. RINK 

(OU ahh, ARirmey eang 

EH. C. SCHMIDT 

W. H. WINTERROWD 


MEETINGS AND PAPERS (RR5) 


W. M. SuHeeHAN, Chairman 
W. I. CANTLEY 

J. R. JACKSON 

GD RiP Ley 


SURVEY (RR6) 
. G. Youne, Chairman 


. S. CAIn 
K. F. Nystrom 


Be 


MEMBERSHIP (RR8) 


A. A. RayMonp, Chairman 
D. 8. Evris 

W. C. SANDERS 

W. M. SHEEHAN 

L. K. Sriucox 
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Textile 


Organized, 1921 
A. D. Assury, Chairman 


EXECUTIVE COMMITTEE 


A. D. Aspury, Chairman 

F. L. Brapiey, Vice-Chairman 
W. B. Hetnz, Secretary 

R. DeVere Hore 


sh Jble bua 


J. D. Ropertson 
EK. R. STarn 
A. WADSWORTH STONE 


Associates 


A. W. Brnorr 
W.S. Brown 
WINN CIASE 

M. A. GoLrick, JR. 
ALBERT PALMER 


Southern Representative 
S. B. Harte 


PROGRAM 


W. W. Stare, Chairman and Metropolitan 
Representative 
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Wood Industries 


Organized, 1921 
C. B. Norris, Chairman 


EXECUTIVE COMMITTEE 


C. B. Norris, Chairman 
M. J. McDona.p 


D. R. Gray 
SerN Mapsen 
T. D. Perry 

Associates 
C. L. Bascock J. S. MarHewson 
P. H. BILHUBER E. D. May 
H. B. CARPENTER R. H. McCartuy 
F. P. Cartwright A. D. SmirxH, JR. 
G. E. Frencu H. M. Surron 
A. W. KEUFFEL CHARLES WHITE 
A. S. KurkgIANn 


A. C. Frenzt, Metropolitan Representative 


COMMITTEE CHAIRMEN 


Dimensional Limits and Allowances, SERN 
MADSEN 

Use of Plywood as an Engineering Mate- 
rial). RRB Y: 

Wood Finishing, M. J. MacDonaLp 


AKRON-CANTON 


( Organized: 1920 
"Territory: 
Medina, Summit, Portage, 
Stark, Holmes, Tuscarawas, 
and Coshocton in Ohio 
Place of Meeting: As selected monthly 
’ Number of Members: 130 


EXECUTIVE CoM MITTEE 


. BowERMAN, Chairman 

. WALKER, Vice-Chairman 

. Greorce, Secretary-Treasurer 
. CAMP 


H. KENDALL 

D. MAcLACHLAN 
C. McMvuLLen 
J. SCHOESSOW 

. W. SEEKINS 

. EH. SHETLER 

. H. VANCE 


reakensesy sa 
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ANTHRACITE-LEHIGH VALLEY 


Articte B6A, Par. 17: 


J. N. Lanpis (1942) 1, 
F. L. Winkrnson, Jr. (1943) 


Sipnry Davipson (1941) 


O. B. Scutmr, IT, Group II 
A. D. Aspury, Group IV 


A. D. AnprRIoLA, Group I 
J. S. Morenouss, Group IIT 
F. C. SmrrxH, Group IV 


Counties of Richland, Ashland, 
Wayne, 
Carroll, 
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LOCAL SECTIONS 


H. L. Eeerzsron, Chairman (1941) 


Junior Advisers 


Terms expire October, 1941 


L. H. Von Ontuspn, Secretary, Group I 


W. D. Turpin, Group VII 


Terms expire October, 1942 


A. D. Hugues, Secretary, Group VII 


EXECUTIVE COMMITTEE 


. Porter, Chairman 

. Peters, Vice-Chairman 

. STEINMEYER, Vice-Chairman 

. WrLLtAMsS, Vice-Chairman 
Ww. Merrick, Secretary 

M. C. Sruart, Treasurer 

G. W. FARNHAM 

J. W. GisH, JR. 

C: C. Herre. 

R. E. Moyrr 

L. E. Myttine 

W. P. SAUNIER 

WALTER TALLGREN 

R. L. Wiis 


SQgcns 
gadex 


ATLANTA 


Organized: 1913 

Territory: Radius of sixty miles from At- 
lanta. Ga 

Place of Meeting: Atlanta Athletic Club 

Luncheon meeting every Monday at 12:30 
p.m. at Atlanta Athletie Club 

Number of Members: 85 


EXECUTIVE COMMITTEE 


¥. Smirn, Chairman 


; i The Standing Committee on Local Sections shall, 
direction of the Council, have supervision of the Local Sections of the Society. 


©. C. Kirgy 


C. T. OrRceEL, 
R. A. Cross, Group VI 
G. W. Crawrorp, Group VIII 


P Organized: 


_ Local Organization: 
; of Lehigh Valley 
Number of Members: 200 


as Lehigh Valley; 


1920, reor- 


The Engineers’ Club 


Luncheon meeting every 
12:00 noon at Engineers Club 
Number of Members: 226 


C. 
A. H. Koon, Vice-Chairman 
J. M. RrrrteMeyer, Secretary 
N. BENJAMIN 


ganized, 1928, as Anthracite-Lehigh Tech Saba 
Valley 
Territory: Counties of Bradford, Susque- aoe Saas an 
hanna, Wayne, Sullivan, Wyoming, R. L Rea eae : 
Lackawanna, Columbia, Luzerne, Mon- ‘yo Sei 
roe, Pike, Schuylkill, Carbon, Berks, 
Lehigh, Northampton in Pennsylvania, BALTIMORE 
i and Warren in New Jersey Craaatuesle TOG 
' Place of Meeting: One meeting annually at Rarcitory Rude of thictymuiles trom Bal- 
Allentown, Bethlehem, Easton, Hazle- Hea emNial 
ton, Pottsville, Reading, Scranton, and place of Meeting: Engineers Club of Bal- 
Wilkes-Barre timore ‘ 


Wednesday 


RI-15 


under the 


STANDING COMMITTEE ON LOCAL SECTIONS 


W. Marquis (1944) 
J. A. Kerra (1945) 


(1942) 


REGIONAL GROUP DELEGATES TO ANNUAL CONFERENCES 


A. R. Acttrson, Speaker for 1940 Conference, Group III 


H. M. Gano, Group V 
B. V. E. Norpprre, Group VI 


A. R. Mumeorp, Speaker for 1941 Conference, Group I1 


Group V 


EXECUTIVE COMMITTEE 


G. W. Keen, Chairman 

S B. Sexton, Necretary-Treasurer 
W. D. Boynton 

L. F. Corrrn 

R. C. DANNETTEL 

Sipnry HAUSMAN 

J. W. Movusson 

L. F. WELANETZ 

S. M. WarIreLry 


JuNIoR Group 


W. A. Hazterr, Chairman 
G. I. Cuinn, Vice-Chairman 
W. B. Exirz, Secretary 

J. F. HANNA 

D. F. Lang 


BIRMINGHAM 


Organized: 1915 

Territory: Radius of sixty miles from Bir- 
mingham, Ala. 

Place of Meeting: Tutwiler Hotel 

Number of Members: 91 


EX&cuTive COMMITTEE 


H. S. Kent, Chairman 

J. M. GALLALER, Vice-Chairman 
J. B. Betty, Secretary-Treasurer 
R. A. POLeLAZzE 

C. F. von HerrMAny, JR. 


BOSTON 


Organized: 1909 

Territory: Radius of thirty miles from Bos- 
ton, Mass. 

Place of Meeting: 

Local Organization: 
of New England 

Number of Members: 547 


Mass. Inst. of Technology 
Engineering Societies 


RI-16 
BOSTON 
(Continued) 
EXECUTIVE COMMITTEE 
G. K. SaurRWEIN, Chairman 


Kerr ATKINSON, Vice-Chairman 
R. A. Spence, Secretary-Treasurer 
H. J. Brown 

T. W. Hoprrr 

J. W. ZELLER 


JUNIOR GROUP 


R. N. GivBert, Chairman 

ANTON SALECKER, Vice-Chairman 
SAMUEL CROWELL, 3D, Secretary 
R. A. Spence, Treasurer 

K. 1. Bower 

F. M. MaAcer 


BRIDGEPORT 


Organized: 1917, as a Branch of Connecti- 
cut Section; reorganized as a Section, 
1923 

Territory: 

Place of Meeting: 


Fairfield County, Conn. 
Stratfield Hotel 


Local Organization: Engineers’ Club of 
Bridgeport 
Number of Members: 120 
EXECUTIVE COMMITTEE 
C. N. HoaaLann, Chairman 
RupoLtFk Breck, Vice-Chairman 
W. H. Sniren, Secretary 
A. W. HaGan, Treasurer 
A. H. BEEDE 
C. A. Buss 
I. C. JENNINGS 
R. C. Moony 
O. J. RricHMOND 
J. W. Ror 
J. D. SKINNER 
J. H. VAN YorRX, JR. 
BUFFALO 
Organized: 1915 
Territory: Radius of thirty miles from 
Buffalo, N.Y. 


Place of Meeting: University Club, Dele- 
ware Ave. 
Local Organization: 

Buffalo 


Number of Members: 


Engineering Society of 
184 


EXECUTIVE COMMITTEE 


W. M. KaurrMan, Chairman 
N. C. Barnarp, Vice-Chairman 
M. C. Casz, Secretary 

C. EB. Harrineton, Treaswrer 

J. G. Benson 

PauL DUBOSCLARD 

H. M. Evarts 

H. F. Kerker 

J. L. Yarrs, Adviser for Juniors 


CENTRAL ILLINOIS 


Organized: 1937 

Territory: All the territory in Central 
Illinois between the following counties 
on the northern boundary: Bureau, 
LaSalle, Knox, Stark, Putnam, Mar- 
shall, Livingston, Peoria; counties on 
the southern boundary: Pike, Scott, 
Morgan, Sangamon, Macon, Piatt, 
Douglas, and Wdgar 

Place of Meeting: Hotel Pere Marquette or 
Caterpillar Show Room 

Number of Members: 104 | 
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EXECUTIVE COMMITTEE 


F. L. Meyer, Chairman 

kh. T. Mess, Vice-Chairman 

C. O. Smitu, Vice-Chairman 

F. H. THomas, Vice-Chairman 

L. E. Jounson, Necretary-Treasurer 
R. E. McCuain, Assistant Secretary 
M. A. CLEMENTS 


JUNIOR GROUP 


M. A. CLEMENTS 


CENTRAL INDIANA 


Organized: 1916 

Territory: Radius of eighty miles from In- 
dianapolis, within Indiana 

Place of Meeting: Place varies 

Local Organization: Indiana . Engineering 
Society 

Number of Members: 140 


EXECUTIVE COMMITTEE 


J. A. Drocur, Chairman 

H. A. MoAnincn, Vice-Chairman 
W. J. Corn, Secretary-Treasurer 
G. L. Fow ier 

P. F. Herm 

H. H. SxKaso 

R. W. Worry 


CENTRAL PENNSYLVANIA 


Organized: 1921 

Territory: Radius of approximately sixty 
miles from State College, Pa. 

Place of Meeting: State College and AI- 
toona, Pa. 

Number of Members: 75. 


EXECUTIVE COMMITTEE 


. STEWART, Chairman 
. P. HummMen, Secretary-Treasurer 
. ALLEN 


G. Ae Gouiter 
A. H. ZERBAN 
CHICAGO 
Organized: 1913 
Territory: Radius of fifty miles from Chi- 
cago, Ill. 
Headquarters: Mid-West A.S.M.E. Office, 


Room 1617, 205 West Wacker Drive, 
Chicago, Ill. 

Place of Meeting: Civic Opera Bldg., 20 N. 
Wacker Dr. 

Luncheon Meeting every Tuesday at 12:15 
p.m. at Chicago Engineers’ Club 

Local Organization: Western Society of En- 
gineers 

Number of Members: 805 


EXECUTIVE COMMITTEE 


L. M. Exxrison, Chairman 

C. C. Austin, Vice-Chairman 
H. M. Buack, Vice-Chairman 

J. R. Micuerr, Vice-Chairman 
DaAnieL RorscH, Vice-Chairman 
F. B. Orr, Secretary-Treasurer 
R. H. Bacon 

J. A. Fouse 

W. P. Hoitzman 

A. H. JENS 

J. 8. Kozacka 

¥,. H. LAne 

J. C. MARSHALL 


T. S. McEwan 
H. L. NAcHMAN 
C. W. PARsSoNS 
V. L. Prrckit 
H. S. Puiverick 
J. C. Rem 
Karn TRANZEN 

. TURNER 
WACHS 


JUNIOR GROUP 


. MARSHALL 
J. Tozer 


CINCINNATI 


Organized: 1912 

Territory: Radius of thirty miles from Cin- 
cinnati, Ohio 

Place of Meeting: Engineers’ Club Rooms, 
Ninth & Race Sts. | 

Local Organization: Engineers’ Club of Cin-- 
cinnati 

Number of Members: 192 


EXECUTIVE COMMITTEE 


E. S. SAurBRUNN, Chairman 

H. Mirson, Vice-Chairman 

W. Buntine, Secretary-Treasurer 
B. BRANDT 

G. Bruck 

B. Morris 

EF. NENNINGER 

P. RHAME 

. P. THomMPsON 

. C. UIHLEIN 


bof bof Pad Hf 


CLEVELAND 


Organized: 1918 

Territory: Counties of Lorain, Cuyahoga 
Lake, Geauga, and Ashtabula in Ohio 

Place of Meeting: Case Club or Cleveland 
Engineering Society Rooms 

Local Organization: Cleveland Engineering 
Society 

Number of Members: 248 


EXECUTIVE COMMITTEE 


a DEARASAUGH, Chairman 
. McCarruy, Secretary 

ae BARNES, 7'reasurer 

. B. Ernie 

M. MAIN 

. R. SLAYMAKER 

. A. SCHWARTZ 

. G. TRUMBULL 


Fae gee” 


COLORADO 


Organized: 1919 

Territory: Entire State of Colorado 

Place of Meeting: Parisienne Rotisserie 
Inn, Denver, Colo. 

Local Organization: Colorado Engineering 
Council (Colorado Society of Engi- 
neers) 

Number of Members: 76 


EXECUTIVE COMMITTEE 


. F. THRONE, Chairman 

. C. Reep, Secretary-Treasurer 
. D. Crain 

L. Hitt 

. A. LocK woop 

. H. Prouty 

. A. RICHTER 

T. STRATE 


4 be tel b> a 


COLUMBUS 
Organized: 1920 
Territory: Counties of Union, Delaware, 
Licking, Madison, Franklin, Fayette, 


Pickaway, and Ross in Ohio 

Place of Meeting: Battelle Memorial Insti- 

i tute and The Ohio State University 

~ Local Organization: Engineers’ Club of Co- 
lumbus 

Luncheon Meeting third Friday of each 

month at 12:00 noon at Engineers’ Club, 

\ Columbus 

‘Number of Members: 80 


EXECUTIVE COMMITTEE 


. SAMPSON, Chairman 
. LIMBACHER, ie Chairman 


ROBERTS 
TUCKER 


DAYTON 


Organized: 1926 

Territory: Counties of Drake, Miami, 
Champaign, Preble, Montgomery, 
Greene, and northern part of Butler 
and Warren in Ohio 

Place of Meeting: Engineers’ Club of Day- 
ton 

Local Organization: 
Dayton 

Number of Members: 99 


Engineers’ Club of 


EXECUTIVE COMMITTEE 


A. R. WEBER, Chairman 

J. J. Hearty, Vice-Chairman 
G. W. WEL Ls, Secretary 
vA. eo Treasurer 

C. 


P. H. KeMMER 
Burson TREADWELL 


DETROIT 


Organized: 1916 

Territory: Radius of thirty miles from De- 
troit, Mich. 

Place of Meeting: Place varies 

Local Organization: Engineering Society of 
Detroit 


Number of Members: 435 


EXECUTIVE COMMITTEE 


T. Jerrorps, Chairman 
A. M. Sutvey, Secretary-Treasurer 
H. J. ABBOTT 

J. W. ABMOUR 

B. W. Bryer, JR. 

M. L. Fox 

J. F. JARNAGIN 

D. E. McGurre 

JESSE ORMONDROYD 

J. P. SCHECHTER 

R. K. WELDY 


JUNIOR GROUP 
~L. W. Lentz, Chairman 


EAST TENNESSEE 


| Organized: 1922 

_ Territory: All counties in Tennessee east of 
the west boundary of Scott, Morgan, 
Cumberland, White, Warren, Coffee, 
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Moore, Franklin; Belle County in Ken- 
tucky; and Rossville, Dade, Walker, 
Cattasa, Whitfield, Murray, Gordon, 
Chattooga in Georgia 

Place of Meeting: Places varies 


Local Organization: Chattanooga EEngi- 
neers Club and Knoxville Technical 
Club 


Luncheon Meeting every Monday noon at 
Chattanooga Engineers Club 
Number of Members: 89 


EXECUTIVE COMMITTEE 


T. C. Ervin, Chairman 

BH. Torok, 1st Viee-Chairman 

P. J. FREEMAN, 2nd Vice-Chairman 
JOHN Horne, 3rd Vice-Chairman 

J. Mack Tucker, Secretary-Treasurer 
HoRACE CARPENTER 

M. B. ConvisEr 

P. G. JAcKA 

R. W. Morron 

W. R. CuAampers, Past-Chairman 


ERIE 
Organized: 1917 
Territory: Radius of thirty miles from 
Hrie, Pa. 


Place of Meeting: Auditorium of Pennsyl- 
vania Telephone Company 
Number of Members: 77 


EXeEcutrvE COMMITTEE 


C. T. OrrcGer, Chairman 
McDonat S. Reep, Vice-Chairman 
E. C. Ims, Secretary-Treasurer 

G. W. Bach 

F. G. Brinic 

KH. H. HorsrKorre 

H. B. Joyce 

G. F. LinpE 

G. I. RAINESALO 


FLORIDA 


Organized: 1925 

Territory: State of Florida 

Place of Meeting: Various Cities in State 

Local Organization: Florida Engineering 
Society, Gainesville, Fla. 

Number of Members: 82 


EXEOUTIVE COMMITTEE 


J. H. Ciouse, Chairman 

V. GC. CoucHMAN, 1st Vice-Chairman 

H. J. B. Somarneere, 2nd Vice-Chairman 
W. FE. Drew, Secretary-Treasurer 

JoHN HUNTER 

D. W. PINKERTON 

R. A. THomeson 


FORT WAYNE 


1939 

Counties of LaGrange, Steuben, 
Noble, DeKalb, Whitley, Allen, Wa- 
bash, Huntington, Wells, Adams, 
Miami, Blackford and Jay in Indiana; 
Counties of Williams, Defiance, Pauld- 
ing, Van Wert and Mercer in Ohio 

Local Organization: Fort Wayne Engi- 
neers’ Society 

Number of Members: 28 


Organized: 
Territory: 


EXECUTIVE COMMITTEE 


W. L. Kanus, Chairman 
F. L. Ruorr, Vice-Chairman 
W. H. Connor, Secretary 
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¥. T. McInerney, JR., Treasurer 
W. N. Buok 

H. A. Eiis 

C. H. Matson 


GREEN MOUNTAIN 


Organized: 1923 

Territory: Entire State of Vermont and 
neighboring and closely related com- 
munities of Claremont and Hanover, 
N.H. 

Place of Meeting: Springfield, 
Vt., and Claremont, N.H. 
Local Organization: Vermont Engineering 

Society 
Number of Members: 36 


Windsor, 


EXECUTIVE COMMITTEE 


M. H. Arms, Chairman 

C. H. Apams, Vice-Chairman 

F. H. Canary, Secretary-Treasurer 

H. L. DaascH 

C. J. DEWELL 

1 (Grae 

D. T. Hamitton 

C. A. RENFREW 

GREENVILLE 

Organized: As a Branch, 1923; as a Sec- 
tion, 1927 

Territory: Radius of sixty miles from 
Greenville, S.C. 


Place of Meeting: Meetings held at Green- 
ville, Clemson College, S.C., Canton, 
Asheville, and Enka, N.C. 

Number of Members: 41 


EXrcuTive CoM MITTEE 


R. H. Hugues, Chairman 

J. H. Sams, Secretary-Treasurer 

A. D. ASBURY 

C. D. BLACKWELDER 

B. HE. Fernow 

R. B. FULLER 

W. G. Woop 

HARTFORD 

Organized: 1917, as Branch of Conn. Sec- 
tion; reorganized, 1923; New Britain 
Section merged with Hartford Section, 
July 1, 1940 

Territory: Hartford County except that 


portion served by New Britain Section 
Place of Meeting: Hartford Hlectrie Light 
Company 


Number of Members: 158 


EXECUTIVE COMMITTEE 


H. F. RamoM, Chairman 

F. O. Hoacuann, Vice-Chairman 
L. C. Smirx, Vice-Chairman 
R. D. Keuter, Secretary-Treasurer 
P. W. BAUER 

S. A. BRANDENBURG 

H. Burpick 

R. F. Dow 

C. N. Frace 

Hh. P. Herrick 

B. 8. Lewis 

W. H. Loomis 

Henry MICHELSEN 

D. K. Morcan 

W. S. Paring 

C. H. RicHARDSON 

C. C. STEVENS 

S. H. Sroner 

S. J. TELLER 

H. B. vAN ZELM 


RI-18 

INLAND EMPIRE 
Organized: 1921 
Territory: East of Columbia River in State 


of Washington, and Counties of Oka- 
nogan and Benton, and part of North- 
ern Idaho 

Place of Meeting: 
kane 

Luncheons Wednesdays at 12:00 noon, 
Davenport Hotel, Spokane 

Local Organization: Associated Engineers 
of Spokane 

Numbers of Members: 28 


Davenport Hotel, Spo- 


EXECUTIVE COMMITTEE 


EH. B. Parker, Chairman 

Auex Linpssy, Vice-Chairman 

A. R. Karusten, Secretary-Treasurer 
H. F. Gauss 

D. R. Gray 

H. H. Lanepon 


ITHACA 


Qrganized: 1936 

Territory: Radius of thirty miles from 
Ithaca plus following cities: Bingham- 
ton, Corning, Endicott, Geneva, Painted 
Post 

Place of Meeting: Willard Straight Hall, 
Cornell Campus, Ithaca, N.Y. 

Number of Members: 82 


EXECUTIVE COMMITTEE 


R. E. Kinsman, Chairman 

C. L. WILDER, Vice-Chairman 

F. S. Erpman, Secretary-Treasurer 
F. G. Switzer 

M. P. WHITNEY 

N. R. WickERSHAM 


KANSAS CITY 


Organized: 1921 

Territory: Radius of sixty miles from 
Kansas City, Mo. 

Place of Meeting: University Club 

Loeal Organization: Engineers’ Club of 


Kansas City 
Number of Members: 158 


EXECUTIVE COMMITTEE 


H. L. Crary, Chairman 

R. Srone, Vice-Chairman 

. M. Bruzerius, Secretary 

. V, SUTHERLAND, J'reasurer 
. R. APPLEGATE 

. G. BRAUNINGER 

EK. Brown 

M. A. DurRLAND 

HAROLD GRASSE 


Osh a4 


E. D. Hay 
C. Q. Warp 

LOS ANGELES 
Organized: 1915 


Territory: South of southern boundaries of 
following counties: Monterey, Kings, 
Tulares, and Inyo, Calif. 

Place of Meeting: Barker Bros. Store 

Local Organization: Technical Societies of 
Los Angeles 

Luncheon Meetings Thursdays at 12:00 noon 
at Engineers’ Club 


Number of Members: 498 ** 
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EXECUTIVE COMMITTEE 


. L. ARMSTRONG, Chairman 

. K. Sprincer, Vice-Chairman 
M. Wacner, Secretary-Treasurer 
C. Brown 

. B. EsseELMAN 

S. GALLAGHER 

D. HAcKSTAFF 

Roy HorrmMan 

. A. Lyons 

. H. SHarruck 

A. WHITAKER 


HOOUSNSDUB EY 


JUNIOR GROUP 
R. B. Esse~tMAn, Chairman 


LOUISVILLE 


Organized: 1922 

Territory: Radius of thirty miles from 
Louisville, Ky. 

Place of Meeting: Engineers and Architects 
Club of Louisville 

Local Organization: Engineers and Archi- 
tects Club 

Number of Members: 52 


EXECUTIVE COMMITTEE 


MeLvin Sack, Chairman 

W. F. Lucas, Vice-Chairman 
L. L. Amipon, Secretary 

J. K. Meyer, Treasurer 

H. H. Fenwick 

F. W. Hampton 

L. R. JAoKSon 

J. H. RomMann 


MEMPHIS 
Organized: 1923 
Territory: Radius of sixty miles from 


Memphis, Tenn., and eastern half of 
Arkansas including all the territory 
east of a line drawn north and south 
through the western boundary of the 
city of Little Rock 

Number of Members: 21 


EXECUTIVE COMMITTEE 


M. D. Rust, Chairman 

J. A. Moxiurno, JR., Secretary-Treasurer 
HK. J. Kurok 

W. H. Rogerts 


METROPOLITAN 
Organized: 1910 
Territory: Metropolitan District, New 


York and New Jersey 

Place of Meeting: Engineering Societies 
Building, 29 West 39th Street, New 
Yorks NEY: 

Number of Members: 3,253 


TEXXECUTIVE COMMITTEE 


A. R. Mumerorp, Chairman 

F. D. Carvin, Secretary 

KH. J. Bruirnes, Treasurer 

W. H. Larkin, Chairman of Meetings and 
Program Committee 

T. B. ALLARDICE 

W. G. BLAKE 

P. FE. Frank 

W. S. GLEESON 

W. McC. McK rr 

¢. By Pro 


JUNIOR GROUP 


W. W. LAawreENceE, Chairman 

C. K. Honianp, Vice-Chairman 
R. F. WARNER, JR., Secretary 

. EK. BLIRER 

C. Kirsy 

A. G. OLIVER, JR. 

D. E. ZEevirr 


ols 


MID-CONTINENT 


Organized: 1919 

Territory: Entire State of Oklahoma; terri- 
tory in Arkansas not included in Mem- 
phis Section; part of Louisiana; and 
territory in Texas north of the southern 
boundaries of the counties of Gaines, 
Dawson, Bordon, Scurry, Fisher, Jones, 
and Shackelford 

Place of Meeting: 
Tulsa, Okla. ; 

Luncheon Mectings with Engineers Club of | 
Tulsa, Mondays at 12:00 noon | 

Local Organization: Engineers Club of 
Tulsa 

Number of Members: 130 


Usually Mayo Hotel, 


EXECUTIVE COMMITTEE 


E. C. Baker, Chairman 

A. G. BLANCHARD, Vice-Chairman 
J. D. McFarLAnpd, Vice-Chairman 
GwyNNE Raymonpn, Vice-Chairman 
C. A. Stevens, Vice-Chairman 
M. R. Wisr, Secretary 

C. O. Giascow, Treasurer 

HE. E. AMBROSIUS 

H. R. AUERSWALD 

R. G. AYERS 

W. L. DuUcKER 

J. F. Haron 

T. C. Wess, JR. 


MILWAUKEE 


Organized: 1904 

Territory: Radius of fifty miles from Mil- 
waukee, Wis. 

Place of Meeting: Wisconsin Club 

Local Organization: Engineers’ Society of 
Milwaukee 

Luncheon Meetings once each month, 3rd 
Wednesday at Wisconsin Club 

Number of Members: 208 


EXECUTIVE COMMITTEE 


T. EKSERKALN, Chairman 

R. J. Smiru, Secretary-Treasurer 
JAMES BROWER 

Hans DAHLSTRAND 

¥. H. Dorner, Sr. 

M. K. Drewry 

WALTER FERRIS 

O. A. Kisa 

R. C. NeEwHOUSE 

W. T. SAVELAND, JR. 


JUNIOR GROUP 


W. T. SAVELAND, JR., Chairman 
R. C. SrrassMAN, Secretary 
WALTER BUNDY 

J. L. Martin 

R. H. MILLer 

G. V. MINNIBERGER 

R. J. Smiru 


i 


P4 


_ Territory: 


) 


| Place of Meeting: 


. Be canized: 


MINNESOTA 


Organized: Minneapolis, 1913; St. Paul, 
1913; the two Sections merged, 1934 

Territory: Entire State of Minnesota 

Minnesota Union, Univ. 
of Minnesota 

“Local Organization: Minneapolis Engineers’ 
Club, Minnesota Federation of Archi- 
tectural and Engineering Societies 

Number of Members: 97 


EXECUTIVE COMMITTEE 
AL. G. Straus, Chairman 


-M. S. WuwperiicH, Vice-Chairman 


N. J. Sterna, Secretary-Treasurer 


W. H. Erskine 


C. F. SHoor 
J. C. VANSELOW 


NEBRASKA 


1922 

Territory: State of Nebraska, and Council 

) Bluffs, Iowa 

Place of Meeting: Lincoln and Omaha 

Local Organization: Engineers’ Club of Lin- 
eoln and Omaha 


- Luncheon Meeting every Wednesday noon at 


the Omaha Engineers’ Club—4th Mon- 
day Evening at Lincoln 


') Number of Members: 32 


EXECUTIVE COMMITTEE 


. LursBs, Chairman 

. Cotson, Vice-Chairman 

. Rogers, Secretary-Treasurer 
. BACHMAN 

. HANEY 


NEW HAVEN 


1912, reorganized, 1923 

Portions of New Haven and 
Middlesex Counties, Conn. 

Place of Meeting: Mason Laboratory, Yale 
University 

Numbers of Members: 84 


Organized: 


EXECUTIVE COMMITTEE 


W. F. THompson, Chairman 

L. H. Von Onsen, Vice-Chairman 

F. C. Ricuarpson, Secretary-Treasurer 

A. L. BRECKENRIDGE 

C. A. HEMPSTEAD 

I. T. Hook 

i. C. Licary 

W. L. Tann 

NEW ORLEANS 

Organized: 1916 

Territory: All of Louisiana except the 
northern part allotted to Mid-Continent 
Section 

Place of Meeting: Room 422, St. Charles 
Hotel 

Local Organization: Louisiana Engineering 
Society 


Number of Members: 100 


EXECUTIVE COMMITTEE 


J. LASSALLE, Ohairman 
Hammett, Vice-Chairman 
CuocuLiu, Secretary-Treasurer 
Crossan 

HILL 

KAMMER 

NELSON 


L. 
G. 
L. 
“is 
A. 
K. 
W. 
DE STEWART 


1 
J. 
E. 
M. 
leg 
8. 
Ae 
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W. S. NELson, Chairman 

J. R. Rompacn, Jr., Vice-Chairman 

C. C. Burke, Jr., Secretary 


NORWICH 


Organized: 1930 

Territory: Counties of Tolland, Windham, 
and New London in Connecticut, and 
Westerly District in Rhode Island 

Place of Meeting: Arcanum Club, 150 Main 
St., Norwich 

Number of Members: 37 


EXECUTIVE COMMITTEE 


W. E. BEAney, Chairman 

Rogert Wosak, Secretary-Treasurer 
A. D, ANDRIOLA 

i. S. DENNISON 

W. L. Enreu 

F. 8S. EncuisH 

J. S. LEonarpD 

Hans LuEnRS 


NORTH TEXAS 


Organized: 1922 

Territory: All of Texas north of an ap- 
proximately straight line through Del 
Rio, Fredericksburg, Georgetown, Cam- 
eron, Nacogdoches, and center, includ- 
ing the cities mentioned, and south of 
north boundaries of the counties of 
Parmer, Castro, Swisher, Briscoe, 
Hall, and Childress. Also the City of 
Texarkana, Ark. 

Place of Meeting: Dallas Power & Light 


Co. Bldg. Auditorium 

Local Organization: Technical Club of 
Dallas 

Number of Members: 107 


EXECUTIVE COMMITTEE 


R. M. Matson, Chairman 

F. C. Jusricre, Vice-Chairman 

J. K. Cuarrey, Secretary-Treasurer 
LEONARD COLE 

J. A. Noyes 

D. C. PFrirrer 

N. G. Harpy, Lx-O fficio 


ONTARIO 
Organized: 1917 
Territory: Province of Ontario, Canada 


Place of Meeting: 
of Toronto 
Number of Members: 


Hart House, University 
7 


EXECUTIVE COMMITTEE 


CLARKE, Chairman 

ELiswortH, Secretary-Treasurer 
ANDERSON 

ANGUS 

BALL 

BLUE 

CorNISH 
C. R. Davis 
W. G. McIntosH 
W. E. MicKLETHWAITE 


SaGs 
C5, 18y 
OE: 
H. H. 
Ww. 8. 
J, (Cr 
1D). 


R. L. Rupe 
W. D. SHELDON 
TYreperrcK TRUMAN 


JuNtIoR GRouP 


FREDERICK TRUMAN, Chairman 

M. F. Carriere, Secretary-Treasurer 
jp, lel Mannan 

W. R. TRUSLER 


RL-19 


OREGON 


Organized: 1919 

Territory: State of Oregon and that terri- 
tory in Washington within a radius of 
thirty miles from Portland, Ore. 

Place of Meeting: Usually Public Service 
Bldg., Portland, Ore. 

Local Organization: Oregon Society of En- 
gineers 

Number of Members: 49 


EXECUTIVE COMMITTEE 


A. D. Hugues, Chairman 

A. A. OsrpoyicH, Vice-Chairman 

G. C. Turiine, Secretary-Treasurer 
E. N. BArss 

Pp. lL. Hestor 

J. C. Ornus 

Tom PrrRRy 


iS 


PENINSULA 


Organized: 1923 

Territory: West of the east boundaries of 
the following counties: Emmet, Charle- 
voix, Antrim, Kalkaska, Missaukee, 
Clare, Isabell, Gratiot, Clinton, Eaton, 
Calhoun, and Branch, Mich. 

Place of Meeting: Grand Rapids, Mich. 
Tunecheon Meeting Fifth Thursday noon 
each month 
Local Organization: 

Grand Rapids 
Number of Members: 50 


Club of 


Engineers’ 


EXECUTIVE COM MITTEE 


A. HAMILTON, Chairman 

i. Kutse, Secretary-Treasurer 
G. LoHMANN 

EK. NoRMAN 

E. PORTER 


WHOBO 


PHILADELPHIA 


Organized: 1912 

Territory: Counties of Bucks, Montgomery, 
Chester, Philadelphia, Delaware, Pa., 
and the State of Delaware 

Place of Meeting: Philadelphia Engineers’ 
Club, 1317 Spruce Street, Philadelphia, 
Pa. 

Local Organization: 
neers’ Club 
Tmuncheon Meeting every Thursday noon at 

12:30 p.m. at Philadelphia Engineers’ 
Club 
Number of Members: 


Philadelphia Engi- 


922 


EXECUTIVE COMMITTEE 


. P. Hynes, Chairman 

. 8S. Morenouse, Vice-Chairman 

. S. Gorwats, Secretary-Treasurer 
. N. GULICK 

. L. Hopping 

KF. W. MILLER 


Sissi 


JUNIOR GROUP 


T. M. Pomeroy, JR., Chairman 
J. D. Prererson, Vice-Chairman 
ELMER GRISCOM, Secretary 
WitLiAM PEGRAM, Treasurer 

J. Py CLARK 

L. N. Guiick 

R. K. KnIpPe 

G. G. Martinson 

RICHARD SQUIRES 

Z. TV. WoBENSMITH 


RI-20 


PIEDMONT—NORTH CAROLINA 


Organized: As a Branch, 1923; as a Section 
1927: name changed from Charlotte 
Section to Piedmont—North Carolina, 
July 1, 1940 

Territory: Radius of 
from Charlotte, N.C. 

Luncheon Meeting every Monday at 1:00 
pm. at Efirds Department Store Dining 
Room 

Local Organization: 
Club 

Number of Members: 48 


seventy-five miles 


Charlotte Engineers 


EXECUTIVE COMMITTEE 


R. P. Reece, Chairman 

T. O. Sirus, Vice-Chairman 

M. D. THomason, Secretary-Treasurer 
J. H. ERSKINE 

Asa HOSMER 

W. W. Leroy 

W. BE. McDowe.Li 

E. D. PowELL 


E. E. WILLIAMS Ps 
PITTSBURGH 
Organized: 1920 


Territory: Counties bounded by and includ- 
ing Beaver, Butler, Venango, Forest, 
Jefferson, Indiana, Somerset, Fayette, 
Greene, and Washington, Pa. 

Place of Mecting: Engineers’ Society of 
Western Pennsylvania, William Penn 
Hotel 

Local Organization: Bngineers’ Society of 
Western Pennsylvania 

Number of Members: 427 


EXECUTIVE COMMITTEE 


M. M. McConneEtL, Chairman 
J. A. Hunter, Secretary 

K. F. Trescnow, Treasurer 
ALFRED BUTCHER 

S. B. Evry 

B. C. McFappen 


PLAINFIELD 
Organized: 1921 
Territory: Plainfield and territory included 
between LElizabeth, Bound Brook, 


Metuchen, and Watchung, N.J. 

Place of Meeting: Elizabeth Carteret 
Hotel, Elizabeth, and Plainfield Ma- 
sonic Temple, Plainfield 

Local Organization: Plainfield Engineers 
Club, Singer Engineering Society 

Number of Members: 171 


EXECUTIVE COMMITTEE 


EK. Leavirt, Jr., Chairman 
C. Heck, Jr., Vice-Chairman 
C. Spencer, Jr., Secretary 
G. Hotmeere, JR., Treasurer 
H. CHAsSOoN 

A. DAWLEY 


QUQO8WQD 


PROVIDENCE 


Organized: 1920 

Territory: Radius of thirty miles from 
Providence, R.1. 

Place of Meeting: Providence Engineering 
Society Building, 195 Angell St., Provi- 
dence, R.I. 

Local Organization: 
ing Society 

Number of Members: 157 


Providence Engineer- 


«a 
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EXECUTIVE COMMITTEE 


. W. Catprr, JR., Chairman 
W. FREEMAN, Vice-Chairman 
. M. Scorr, Secretary-Treasurer 
J. BERARD 

D. BILLMEYER 

H. BRADLEY 

J. D. Expert 

CHESTER HACKING 

P. V. Miter 

F. A. SAWYER 


HOME> 


H. 8S. Sizer 
RALEIGH 

Organized: As a Branch, 1923; as a Sec- 
tion, 1927 

Territory: Radius of sixty miles from 
Raleigh, N.C. 

Place of Meeting: N.C. State College, 
Raleigh, N.C. 

Local Organization: N.C. Engineering 


Council, Raleigh Engineers Club 
Number of Members: 28 


EXECUTIVE COMMITTEE 


C. WH. Kercnner, Chairman 

R. B. Rice, Vice-Chairman 

G. CHapMAN, Secretary-Treasurer 
. L. KenyAN, JR. 

J. Rep 

L, VAUGHAN 

. 8S. WizBuR 


An a<da 


ROCHESTER 


Organized: 1919 

Territory: Radius of thirty miles from 
Rochester, N.Y. 

Place of Meeting: Rochester Engineering 
Society Rooms, Sagamore Hotel 

Local Organization: Rochester Engineering 
Society, Sagamore Hotel 

Luncheon Meeting every Tuesday at 12:15 
p.m. at Sagamore Hotel 

Number of Members: 111 


EXECUTIVE COMMITTEE 


J. H. Snyper, Chairman 

I. §. Braptey, Vice-Chairman 

I. G. McCunsney, Secretary-Treasurer 
J. W. GAVETT 

K. H. Hupparp 

¥. D. PUNNETT 

W. D. Woop 


JUNIOR GROUP 


I. 8S. Brapiey, Chairman 
¥. D. PUNNETT 
W. D. Woop 


ROCK RIVER VALLEY 


Organized: 1926 

Territory: Radius of thirty miles from 
Rockford, Ill., plus members in Madi- 
son, Wis. 

Meeting Place: Place varies 

Local Organization: Rockford Engineering 
Society 

Number of Members: 68 


EXECUTIVE COMMITTEE 


. L. Avery, Chairman 

. A. JAcoBson, Vice-Chairman 

. J. ZrrcueEr, Secretary Treasurer 
. L. DAHLUND 

. L. Larson 

. H. Lyon 

. A. WILSON 


>OEHQAQ 


is. 


ST. JOSEPH VALLEY 


Organized: 1929 

Territory: Counties of La Porte, Starke, 
Pulaski, St. Joseph, Marshall, Fulton, 
Elkhart, and Kosciusko in Indiana, and 
Cass and Berrien Counties in Michigan 

Place of Meeting: Morningside Hotel, 
South Bend, Ind. 

Local Organization: St. Joseph Valley En- 
gineers’ Club 

Number of Members: 41 


EX&CUTIVE COM MITTEE 


C. C. WiLcox, Chairman 
C. R. Apams, Vice-Chairman 
K. W. Kworr, Secretary 


ST. LOUIS 


Organized: 1909 

Territory: Radius of thirty miles from St. 
Louis. Mo. 

Place of Meeting: Place varies 

Local Organization: Engineers’ Club of St. 
Louis 

Number of Members: 229 


EXrcurive CoM MITTEE 


ALBERT VIGNE, Chairman 

R. W. Merxte, Vice-Chairman 

C. B. Briscor, Secretary-Treasurer 
D. KE. Dickry 

A. L. HErintzE 

R. C. THUMSER 


SAN FRANCISCO 


Organized: 1910 

Territory: All territory north of the north- 
ern boundaries of the counties of San 
Luis Obispo, Kern, and San Bernardino 

Place of Meeting: Engineers’ Club, 206 
Sansome St. 

Luncheon Meetings, Tuesdays, California 
Hotel, Oakland; Thursdays, Engineers’ 
Club, San Francisco 

Local Organization: San Francisco Engi- 
neers’ Club 

Number of Members: 386 


EXECUTIVE COMMITTEE 


V. F. Esrcourt, Chairman 

H. T. Avery, Vice-Chairman 

E. H. Cameron, Secretary-Treasurer 
H. J. Bere 

E. C. FLoyp 

L. M. Marrin 

G. H. Rarrr, Lx-0 fiicio 


JUNIOR GROUP 


B. 8. Trurerr, Chairman 
W. C. CHEAL 

P. E. Dawson 

CHARLES LIPPMAN 

C. L. THoRPE 

G. L. WoopFreELp 


SAVANNAH 


Organized: 1923 

Territory: Radius of 125 miles from Savan- 
nah in Georgia 

Place of Meeting: Savannah Hotel 

Local Organization: Engineers’ Council of 
Savannah Chamber of Commerce 

Number of Members: 19 


P) 


SAVANNAH 
(Continued) 


EX£cuTivE CoM MITTEE 


TINGLEDORFF, JR., Chairman 
OWLEY, Vice- Chairman 
IINSON 
EISKER 

WILLS 


ei, 
.G. CR 
oO. JO 
_ Hea 
a!) 


SCHENECTADY 


As a Branch, 1919; as a Section, 


Organized: 
1927 

Territory: Radius of thirty miles from 

Schenectady, N.Y. 

-Place of Meeting: Rice Hall 

_ Number of Members: 193 


EXECUTIVE COMMITTEE 


- R. H. Norris, Chairman 

R. S. Nesrerr, Vice-Chairman 
Cart SonasracH, Vice-Chairman 
0. L. Woop, Jr., Vice-Chairman 
~<S. L. Jameson, Secretary 
Sranrorp Neat, J'reasurer 

.E. W. D. BUNKE 

W. R. Foore 

A. R. Srevenson, JR. 


SOUTH TEXAS 


Organized: 1919 

Territory: South Texas and the northern 
part of the State not included in the 
North Texas Section territory 

Place of Meeting: Electric Bldg., Houston, 
Tex. 

Number of Members: 167 


EXECUTIVE COMMITTEE 


.W. Crawrorp, Chairman 

.L. Orr, Vice-Chairman 

._ F. Mouter, Secretary-Treasurer 
SAO 

V. 


yaa 


ALTON 


= 


. B. 
- A. 
irs Hames 
eid, 
ay 


VW. oer 


SOM SMOnS 


. E. N 
. G. H. THomPpson 
. W. WILLIAMS 


ta 
i) 


JUNIOR GROUP 


. F. Fermiser, Chairman 
. H. Howarp, Vice-Chairman 
. W. Kurne, Secretary 


MDH 


SUSQUEHANNA 


Organized: 1927 

Territory: Counties of Cumberland, Dau- 
phine, Lebanon, Adams, York, and Lan- 
caster * 

Place of Meeting: Engineering Society of 
York, and at Lancaster Twice a Year 
Local Organization: Engineering Society of 
York and Engineers’ Society of Penn- 
sylvania, Harrisburg, Pa. 

Number of Members: 78 
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EXECUTIVE COMMITTEE 


. BELINE, Chairman 
Weser, Vice-Chairman 
P. Neusavuer, Secretary 

2, AUGHENBAUGH 

. BREDA 
. = LrEson 

. Martin 

peat SAWYER 
L. SmirH 

S. P. Sorina 


ae 
x 


SYRACUSE 


Organized: 1920 

Territory: Radius of thirty miles from 
Syracuse, N.Y. 

Place of meeting: 
daga Hotel 

Local Organization: 
of Syracuse 

Number of Members: 84 


Ball Room of the Onon- 


The Technology Club 


EX&EcuTIvVE CoM MITTEE 


M. B. Moyer, Chairman 
D. V. SHETLAND, Vice-Chairman 
BH. A. Fatumezcer, Secretary-Treasurer 
J. W. LINrorpD 
W. E. RENNER 
BH. K. RwHopEs 
G. I. VINCENT 
TOLEDO 
Organized: 1920 
Territory: Radius of thirty miles from 


Toledo, Ohio 
Place of Meeting: 
ledo, Ohio 
Local Organization: 
Societies of Toledo 
Number of Members: 60 


University Club, To- 


Affiliated Technical 


EXECUTIVE COMMITTEE 


H. R. Scuurz, Chairman 
R. F. Hi, Vice-Chairman 
H. BE. Harper, Secretary-Treasurer 
J. W. DEAN 

¥. L. FULLER 

Pe) Pe SELALE 

W. C. LANG 

G. LUFKIN 

R. H. Marker 

W. R. Moran 

R. J. Muaror 

JOSEPH SEAMAN 

H. H. VocEer 

I. F. Zaropsky 


TRI-CITIES 


Organized: 1920 

Territory: Radius of thirty miles from 
Moline, Ill. 

Place of Meeting: Rock Island, Ill., Moline, 
Til., and Davenport, Iowa 

Luncheon Meeting every Wednesday, Dav- 
enport Hotel, 12:00 noon 

Number of Members: 74 


EXECUTIVE COMMITTEE 


R. A. Cross, Chairman 

CG. D. St. Cxuatr, Vice-Chairman 

Cc. A. Carson, Secretary-Treasurer 
R. M. BARNES 

E. G. Erickson 

H. A. KLeErInMAN 


RI-21 
UTAH 
Organized: 1923 
Territory: State of Utah 
Place of Meeting: University Club, Salt 


Lake City 
Local Organization: 
neers 
Number of Members: 35 


Utah Society of Engi- 


EXECUTIVE COMMITTEE 


W. D. Turpin, Chairman 

G. W. Carter, Vice-Chuirman 

R. D. Baxer, Secretary-Treasurer 
C. B. BowMAN 


F. A. Harris 
VIRGINIA 
Organized: 1919 
Territory: State of Virginia 
Place of Meeting: Richmond, Norfolk, 
Charlottesville, Roanoke, University, 
Petersburg 


Local Organization: Central Virginia Engi- 
neers Club 
Numbers of Members: 174 


ExEecutTivr COMMITTER 


G. C. Motieson, Chairman 

J. B. Jonns, Vice-Chairman 
¥. S. Roop, Jr., Secretary 

R. M. JouHNnston, Treasurer 
G. L. BASCOME 

L. R. GARDNER 

H. C. Hessr 

D. G. MoorHEsp 

S. B. Rogerts 

W. EH. SrGu 


WASHINGTON, D.C. 


Organized: 1919 

Territory: District of Columbia 

Place of Meeting: Auditorium, Potomac 
Electric Power Co., 10th & HH Sts., 
Washington, D.C. 

Number of Members: 239 


EXECUTIVE COMMITTEE 


G. F. Jenks, Chairman 

W. B. Ensrncer, Vice-Chairman 
M. A Mason, Secretary-Treasurer 
G. W. HaAsKINS 

J. W. HOCKERT 

C. EK. MILLER 

H. G. THIELSCHER 


JUNIOR GRrouP 
J. W. HucKert, Chairman 


WATERBURY 


Organized: 1917, as a Branch; reorganized 
as a Section, 1923 

Yerritory: Litchfield County and a portion 
of New Haven County 

Place of Meeting: Elton Hotel 

Number of Members: 65 


EXECUTIVE COMMITTEE 


W. C. Scuneriper, Chairman 

R. W. SHOEMAKER, Vice-Chairman 
H. GC. Asutry, Secretary-Treasurer 
A. L. ALVES 

C. W. CHILps 

A. J. GERMAN 


RI-22 


WATERBURY 
(Continued) 


JUNIOR GROUP 


G. H. Haron, Chairman 
H. J. Divton, Secretary 
R. W. Stmpson 


WESTERN MASSACHUSETTS 


Organized: 1922 

Territory: Includes counties of Berkshire, 
Franklin, Hampden, and Hampshire 

Place of Meeting: Highland Hotel, Spring- 
field, Mass. 

Local Organization: Engineering Society of 
Western Massachusetts 

Number of Members: 90 


EXECUTIVE COMMITTEE 


A, E. Benson, Chairman 

C. F. Duprn, Vice-Chairman 

L. G. Cariron, Secretary-Treasurer 
R. A. PAckKARD 

EK. L. Smiru 

J. L. ScHerner, Lz-O fficio 


WESTERN WASHINGTON 


Organized: 1919 

Territory: State of Washington west of 
Columbia River with exception of terri- 
tory included in 30-mile radius of Port- 
land, Ore. 

Place of Meeting: Engineers’ Club, Seattle, 
Wash. 
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Loeal Organization: Seattle Engineers’ 
Club 

Luncheon Meetings daily at noon at Engi- 
neers’ Club, Seattle 


Number of Members: 115 


EXECUTIVE COMMITTEE 


R. E. Jounson, Chairman 
R. WALtrER, Vice-Chairman 

J. HE. My3rorn, Secretary-Treasurer 
H. P. Forp 

H. C. Kreweir., JR. 

H. J. McIntyre 


WEST VIRGINIA 


Organized: 1925 

Territory: State of West Virginia, South 
of Parallel 39 

Place of Meeting: Charleston, W.Va. 

Number of Members: 58 


EXECUTIVE COMMITTEE 


M. 8. BLoomssure, Chairman 

A. H. CANNON, Vice-Chairman 

H. B. Hickman, Secretary-Treasurer 
C. B. CocHRAN, Assistant Secretary 
G. J. Huser, JR. 

E. L. Hupson 

C. L. JOHNSON 

W. C. Norton 

F. LeRoy SCHAEFER 


WORCESTER 
Organized: 1915 
Territory: Radius of thirty miles from 


Worcester, Mass. 


Place of Meeting: Sanford Riley Hall, 
Worcester Poly. Inst. 

Local Organization: Worcester Engineer- 
ing Society 

Number of Members: 122 


EXECUTIVE COMMITTEE 


R. P. Korg, Chairman 

H. P. Crann, Vice-Chairman 
E. K. Aizen, Jr., Secretary-Treasurer 
EK. W. ARMSTRONG 

L. R. Batu 

¥F. R. Jones 

G. H. MacCuLLoucH 

C 


. M. McManon 
F, A. NAUGHTON, JR. 
W. M. WiLcox 
YOUNGSTOWN 
Organized: 1928 
Territory: Counties of Trumbull, Mahon- 
ing, and Columbiana in Ohio, and 


Mercer and Lawrence in Pennsylvania 
Place of Meeting: Republic Rubber Co. 
Club Rooms, Albert St., Youngstown, 
Ohio 
Number of Members: 62 


EXECUTIVE COMMITTEE 


H. W. Smiru, Chairman 

L. A. Kurneg, Vice-Chairman 

C. W. Foarp, Secretary-Treasurer 
F. J. Bowers 

W. B. JENKINS 

H. EK. Mrerin 

E. O. Oyen 
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STUDENT BRANCHES 


Arricte B6A, Par. 20: The Standing Committee on Relations With Colleges shall, under 
the direction of the Council, have supervision of the Student Branches of the Society and of 
such work of the Society as aims to further the education of engineers through the colleges 
and schools of accepted standing. 


STANDING COMMITTEE, RELATIONS WITH COLLEGES 


E. W. O'BRIEN, Chairman (1941) 
A.C. Cuick (1942) 

J.1. YEtLorT (1943) B. T. McMinn >Members 
ial 
(Ge 


J. W. Haney ) Advisory 
R. H. Porter (1941) 


E. DecLer (1944) 
: L. Sutiivan (1945) 
aly J. L. Hatt, Junior Adviser (1941) 


Communicate with Student Branch through Honorary Chairman 


RI-23 


Year No.of 
Author- Mem- 
Name and Location ized = bers F Chairman Secretary Honorary Chairman 
Akron, Univ. of, Akron, Ohio 1924 40 LL. G. Happock Joun BezBatcHeNKo F. S. Grirrin 
Alabama Polytechnic Inst., Auburn, Ala. 1920 34 T. R. Lover W. A. CHAPMAN C. R. Hrxon 
“Alabama, Univ. of, University, Ala. 1931 292 LronarD MANDELL D. A. R. NELSoN J. M. GALLALEE 
pArizona, Univ. of, Tucson, Ariz. 1937 30 C. EH. CHapMANn J.D. CARE?rTO M. L. THorRNBURG 
} Arkansas, Univ. of, Fayetteville, Ark. 1910 19 Howarpd JENKINS H. H. Crayton L. C. Price 
‘British Columbia, Uniy. of, Vancouver, B.C., Can. 1938 28 OC. W. PARKER G. S. WADE H. M. McItroy 
‘Brown Univ., Providence, R.I. 1923 20 RB. O. Love G. P. Conran, II S. J. Berarp 
»Bucknell Univ., Lewisburg, Pa. 1916 27 ~=R. F. Stone R. W. DoNEHOWER W. D. GARMAN 
‘California Inst. of Tech., Pasadena, Calif. 1914 50 NEWELL PARTCH G. K. Woops R. L. DAUGHERTY 
California, Univ. of, Berkeley, Calif. 1912 130 OD. J. GraHAmM Homer Crooks C. F. GARLAND 
Carnegie Inst. of Tech., Pittsburgh, Pa. 1913 75 J. R. SCHIETINGER RIcHARD CLEMENT D. C. SAYLoR 
Case School of Applied Science, Cleveland, Ohio 1913 66 G. R. GrawAM KH. J. R. Hupec F. H. Vose 
Catholic Univ. of America, Washington, D.C. 1922 55 LL. S. Brown, JR. Puiirpe GorpMANN MOM. E. WescHuLer 
“Cincinnati, Univ. of, Cincinnati, Ohio 1909 113 J. H. TARKINGTON Bruce GEIGER C. A. JOERGER 
/ Clarkson College of Tech., Potsdam, N.Y. 1930 53 BR. C. WarpD A. W. HocLe J. H. Davis 
“Clemson A.&M. College, Clemson College, S.C. 1921 37. W. EH. CLINE W. L. RicHBouRG B. E. Fernow 
Colorado State College of A&M. Arts, Fort 
Collins, Colo. 1914 27 +R. S. Witson W. O. SNEDDON J. H. Scormip 
Colorado, Univ. of, Boulder, Colo. 1914 39 J. R. RoseENKRANS JAMES ENGLUND W. S. BEArrie 
Colorado School of Mines Division, Golden 19 H.W. Hioxs, JR. D. E. HoLuarp J. C. REED 
Columbia Univ., New York, N.Y. 1909 
Management Division ll W. J. JAFFE H. C. QUARLES Frep DUTCHER 
*WALTER RAUTEN- 
STRAUCH 
; Mechanical Division 34 EE. V. DeWirtr R. T. Baum FreD DUutTCHER 
Cooper Union, New York, N.Y. 1920 
Inst. of Tech. 50 ArrHuR SwENSON Murray SAcKSoN W. A. VoPpAT 
Night School of Engineering — 92 J. L. ALPERT JAMES DOYLE E. A. SALMA 
Cornell Univ., Ithaca, N.Y. 1908 95 &. C. Ross R. E. OHAUS Pee BLACK 
Delaware, Univ. of, Newark, Del. 1929 39 Lewis PARKER A. H. Green W. F. LinpeLi 
» Detroit, Univ. of, Detroit, Mich. 1930 74 H.W. Scort, JR. M. M. CALcATERRA F. J. LINSENMEYER 
/ Drexel Inst. of Tech., Philadelphia, Pa. 1920 62 Conrad Cook J. S. HUNTER W. J. STEVENS 
_ Duke Univ., Durham, N.C. 1935 41 H.R. Pumrirs HULME PATTINSON F. J. Reep 
| Florida, Univ. of, Gainesville, Fla. 1926 30 B. A. CLupss R. A. RoBerts R. A. THompson 
George Washington Univ., Washington, IDC), 1924 20  Rozserr BuTreRworTH JOHN GOFF A. F. JoHNSoN 
Georgia School of Tech., Atlanta, Ga. 1915 47 W. P. McGuire G. N. MacKenZziz R. 8S. HoweELyi 
Idaho, Univ. of, Moscow, Idaho 1925 51 Epear Burrs JAMES GRALOW H. F. Gauss 
~Tllinois Inst. of Tech., Chicago, Ill. 1940 210 J. HE. SAUVAGE THADDEUS WIECZOREK DANIEL RoEscH 
Tlinois, Univ. of, Urbana, Ill. 1909 150 T. L. Jackson E. J. Hoaguanpd D. G. RYAN 
jlowa State College, Ames, Iowa 1919 49 P. D. MerzLeR R. A. Rusk R. E. RoupesusH 
Towa, State Univ. of, Iowa City, Towa 1913 34 #. F. Knort R. B. SyKes I. T. WETZEL 
» Johns Hopkins Univ., Baltimore, Md. 1917 46 PP. G. OLSON G. D. DoBLeR M. F. Sporrs 
Kansas State College, Manhattan, Kan. 1914 56 V. G. MELLQUIST Apert SCHWERIN W. A. Tripp 
Kansas, Univ. of, Lawrence, Kan. 1909 31 S. E. Bunn W. W. STARCKE H. J. Henry 
Kentucky, Univ. of, Lexington, Ky. 1911 DD din Wi CALE D. W. DENNY C. C. Jerr 
Lafayette College, Easton, Pa. 1919 40 J. H. STEELE J. W. BowMAN W. G. McLran 
Lehigh Univ., Bethlehem, Pa. 1911 72  RopertT CAEMMERER J. H. Duprey T. E. JAcKSON 
Louisiana State Univ., University, La. 1916 61 J. PB. Grecor F. B. Harris G. F. MarrHes 
Louisville, Univ. of, Louisville, Ky. 1928 25  Ropert GRAY J. R. STROTHER H. H. Fenwick 
Maine, Univ. of, Orono, Maine 1910 55 H. L. Banton S. G. WEBSTER I. H. PRAGEMAN 
Marquette Univ., Milwaukee, Wis. 1923 31 Cart TIERNEY RAyMOND SzepzIewski R. J. SMITH 
Maryland, Univ. of, College Park, Md. 1937 33 LL. L. WILSON CHARLES BEAUMONT W. P. Green 
Massachusetts Inst. of Tech., Cambridge, Mass. 1909 116 M. P. Moopy W. L. THREADGILL ALVIN SLOANE 
_ Michigan College of Min. & Tech., Houghton 1930 63 G. HE. DAKE S. G. Monrog H. W. RIsTEEN 
| Michigan State College, E. Lansing, Mich. 1917 59 W. J. KINGScorT R. W. HowortH (Gi; BNIS I Rvip:< 
- Michigan, Univ. of, Ann Arbor, Mich. 1914 74 =p. A. JoHNSON J. M. HALLISsy E. T. VINCENT 
” Minnesota, Univ. of, Minneapolis, Minn. 1913. 117 Gorpon ERSTED Kart BEHRENS C. A. Korrre 
Mississippi State College, State College, Miss. 1926 40 J. B. BuUESCHER R. T. Sraton, JR. H. P. NEAL 
Missouri School of Mines & Metallurgy, Rolla, Mo. 1930 43. ALLAN SUMMERS R. E. FIELDS R. O. JAcKSON 
Missouri, Univ. of, Columbia, Mo. 1909 51 G. L. HIBBELER A. A. SCHMUDDE E. S. Gray 


+ As of January 1, 1941. 
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Year No.of 
Author- Mem- 
Name and Location ized bers+ Chairman Secretary Honorary Chairman 
Montana State College, Bozeman, Mont. 1920 39 W. R. JEFFRIES THAYER LANDES R. T. CHALLENDER 
Nebraska, Univ. of, Lincoln, Neb. 1909 51 W. W. PAscHKE Houston JONES J. K. LupwicKson 
Nevada, Univ. of, Reno, Nev. 1928 18 WiuLL1AM MircHEeLi Harry Dawson W. H. Davipson 
Newark College of Engineering, Newark, N.J. 1924 132 G.N. Hoper D. H. Manenati F. J. Burns 
New Hampshire, Uniy. of, Durham, N.H. 1926 36 W. A. GARDNER E. P. Nye E. T. Donovan 
New Mexico State College of A.&M. Arts, State 
College, New Mex. 1938 18  Car~tton McGrecor WiiAM Frick M. T, LewrlLen 
New Mexico, Univ. of, Albuquerque, New Mex. 1935 14. PuHirie WHITENER ALBERT Korb, JR. M. E. Farris 
New York, College of the City of, New York, N.Y. 1922 62 Exit ScHEFER JULIAN DELMONTE S: Ji, DRAcy. 
New York University, New York, N.Y. 1909 
Aeronautic Division — 39 P. W. O’MEasra D. C. Watson J. M. Lasprerron 
; *Ph. K. TrIcHMANN 
Mechanical Division —-- 41 H. H. Hacronp AURELIO PELLINO J. M. LAaBBerton 
New York Univ. Evening School, New York, N.Y. 1933 51 A. J. DEMATTEO M. W. GEerLer J. M. LABBERTON 
North Carolina State College, Raleigh, N.C. 1920 42. W. A. DiIcKINSON J. R. HUNTLEY R. B. Rice 
North Dakota Agricultural College, Fargo, N.D. 1929 16 Harry Sretpon STewart BAKKEN A. W. ANDERSON 
North Dakota, Univ. of, Grand Forks, N.D. 1923 20 Srantey VoaKk Rogert CHAPMAN A. J. DIAKOFF 
Northeastern Univ., Boston, Mass. 1922 92 


First Division 
Second Division 


R. W. IRELAND 
H. J. Fereuson 


EarL FINKLE 
RicHarp McManus 


A, J. FERRETTI 
A. J. FERRErTI 


Northwestern Univ., Evanston, Ill. 1935 35 W.M. Rousenow L. V. Stoma EH. F. Oxsert 
Notre Dame, Univ. of, Notre Dame, Ind. 1929 30 Rosert OpDENBACH FRANK Cross C. C. WiLcox 
Ohio Northern Univ., Ada, Ohio 1922 19 Joun GrErRTz MerritiIn SHARER J. A. NrEepy 
Ohio State Univ., Columbus, Ohio 1911 45 W.H. Kuun W. R. CAMPBELL PAvuL BucHER 
Oklahoma A.&M. College, Stillwater, Okla. 1921 28 Joun Srewarr GEORGE GRAFF, JR. V. L. MALEEV 
Oklahoma, Univ. of, Norman, Okla. 1917 95 J.D. TAYtor C. P. Brooxs D. O. NicHOLs 
Oregon State Agricultural College, Corvallis, Ore. 1909 30 D. L. Drake D. F. DEVINE A. D. HugHes 
Pennsylvania State College, State College, Pa. 1909 76 RR. W. Davis C. L. McGarr C. L. ALLEN 
Pennsylvania, Univ. of, Philadelphia, Pa. 1925 33 =J. C. TeHomerson R. T. Voepes, JR. L. N. Gurick 
Pittsburgh, Univ. of, Pittsburgh, Pa. 1917 58 HH. G. Sxrnner JOHN PROVEN G. P. MANIFOLD 
Polytechnic Inst. of Brooklyn, Brooklyn, N.Y. 1909 

Day Division 46 J. A. LAWRENCE H. B. Netson A. T. KNIFFEN 

Evening Division — ll #. P. Norrurvup FraANK HAMBRECHT A. T. KNIFFEN 
Pratt Inst., Brooklyn, N.Y. 1923 78 FE. D. ALLMAN V. EF. Crark J. W. HuNTER 
Princeton Uniy. Princeton, N.J. 1926 25 ¥F.T. WatsnH, Jr. WILLIAM CALLERY L. F. Raum 
Puerto Rico, Univ. of, Mayaguez, P.R. 1923 25 ~P. HA. Rozas KE. T. AcHA L. A. STEFANI 
Purdue Univ., W. Lafayette, Ind. 1909 138 ‘'. P, Preprer C. H. Rockwoop W. J. Corr 
Rensselaer Polytechnic Inst., Troy, N.Y. 1910 3 C.L. Martinez W. C. OsporNE H. A. WiLson 
Rhode Island State College, Kingston, R.1. 1930 34 RR. Arruick K. J. Fertny, JR. C. D. BILLMYER 
Rice Inst., Houston, Tex. 1926 30 V.B. Meyer H. H. Orece A. H. Burr 
Rose Polytechnic Inst., Terre Haute, Ind. 1926 31 J, A. Jonzs J. A. LoHR CARL WISCHMEYER 
Rutgers Uniy., New Brunswick, N.J. 1920 385 A.M. Lirsxy N. B. Bacerr N. P. Battery 
Santa Clara, Univ. of, Santa Clara, Calif. 1925 19 Bucenr Srepuens Epwarp McFappen R. A. Srpan 
South Dakota State College, Brookings, S8.D. 1935 19 Gate Housr Don WALIN R. E. Gress 
Southern California, Uniy. of, Los Angeles, Calif. 1929 51 Rogerr HorrmMan CHARLES Hurp WILLIAM SEALLEN- 

BERGER 

Southern Methodist Univ., Dallas, Tex. 1933 18 W.O. Ramsey Dick TURNER C. H. SHUMAKER 
Stanford Univ., Stanford University, Calif. 1909 31 W. H. Crier R. P. JAoKson A. L. Lonpon 
Stevens Inst. of Tech., Hoboken, N.J. 1908 74 H.R. Roomr C. G. HrBeNnstreIT E. H. FEzANDIE 
Swarthmore College, Swarthmore, Pa. 1921 16 LL. H. Wotrs C. W. Breck C. G. THATCHER 
Syracuse Univ., Syracuse, N.Y. 1912 36 Howarp Hoke THEODORE FOSTER S. T. Harr 
Tennessee, Uniy. of, Knoxville, Tenn. 1923 25 T. C. SEARLE Hueues Hau R. W. Morton 
Texas, A.&M. College of, College Station, Tex. 1921 179 J. J. Warxrr H. R. Crark V. M. Farres 
Texas Technological College, Lubbock, Tex. 1930 41 W.H. Bauman G. G. FAIRLEY H. L. Kirp 
Texas, Uniy. of, Austin, Tex. 1921 82 A.D. Payne AUSTIN LEACH M. L. Bearman 
Toronto, Univ. of, Toronto, Ont., Can. 1933 OL) 0 Roxane F. M. Bonp R. C. Wiren 
Tufts College, Tufts College, Mass. 1917 39 Wiiam LyncH J. R. PETERSON Epgar MAcNAvuGHTON 


Tulane Uniy. of Louisiana, New Orleans, La. 1933 34 3B. L. Levy ARTHUR GRANT, JR. E. R. SrepHan 


U.S. Naval Academy, Postgraduate School, 


Annapolis, Md. 1925 ee ee ed MO De Reems ttats cic P. J. KIEFER 
Utah, Univ. of, Salt Lake City, Utah 1923 25 TD. A. Brera Bren SHAVER M. B. Hogan 
Vanderbilt Univ., Nashville, Tenn. 1928 21 4H. B. Tomrin, Jr. C. K. Dirtineuam, Jr. S. H, ACKER 
Vermont, Univ. of, Burlington, Vt. 1922 9 EH. M. Creep R. G. RAMSDELL, Jk. H. L. DAascH 
Villanova College, Villanova, Pa. 1925 30 F. A. Beraner V. J. A. Gorpon W. J. BARBER 
Virginia Polytechnic Inst., Blacksburg, Va. 1915 65 J. Q. PEEPLEs EK. W. Curist F. 8. Roop, Jr. 
Virginia, Univ. of, University, Va. 1923 x W. A. GREEN M. L. Brown A. G. MacconocHIE 
Washington, State College of, Pullman, Wash. 1920 37 +H. HE. Hunr C. W. PETERS F. W. CANDEE 
Washington Univ., St. Louis, Mo. 1911 25  C. A. FEICHTINGER E. E. WALLACE Herpert KUENZEL 
Washington, Univ. of, Seattle, Wash. 1917 53 HERBERT CHATTERTON CLAYTON NICHOLS R. W. Crain 
West Virginia Univ., Morgantown, W. Va. 1922 3 J. L. HAwWLEy G. M. Friscu L. D. Hayes 
Wisconsin, Univ. of, Madison, Wis. 1909 109 R. V. WricHr W. F. ZuNKE E. T. HANSEN 
Worcester Polytechnic Inst., Worcester, Mass. 1914 50 Grorar KNAUFF CHANDLER WALKER EK. W. ARMSTRONG 
Wyoming, Univ. of, Laramie, Wyo. 1925 31 Wayne Lex STANLEY ABRAMSON R. 8. Sink 
Yale Univ., New Haven, Conn. 1910 19 JoHN MARKELL, JR. P. N. SrRoBeELL S. W. Dupiny 


+ As of January 1, 1941. * Faculty Adviser. 
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RESEARCH COMMITTEES 


STANDING COMMITTEE 


hg. G. Battey, Chairman (1941) 
W. TRrnkKs (1942) 
M. D. Hersey (1943) 


LUBRICATION 


Appointed October, 1915, to investigate the 
ifundamental problems of lubrication, to 
formulate results of investigations pre- 
viously made, and to keep in touch with 
contemporary research in this field 


(Reorganized May, 1936) 


'G. B. Kareritz, Chairman 
|) S. J. Nexps, Secretary 
A. L. BEALL 

‘Oscar BRIDGEMAN 
LW. E. CAMPBELL 

NH. A. Kveretr 

A. BE. FLOWERS 

|. J. C. GENTESSE 

{ RAYMOND HASKELL 
M. D. Hersey 

‘B. F. HunTER 

: C. M. Larson 

’ F.C. Linn 

(GG. L. Neery 

B. L. NEWKIRK 

|B. S. Pearce 

ErRNEst WOOLER 


FLUID METERS 


| Appointed 1916 to develop the theory of 
fluid meters of all kinds and to report on the 
best methods for their installation and use 


(Reorganized July, 1926) 


._ J. 8. Preorr, Chairman 
. Carton, Secretary 


THERMAL PROPERTIES OF STEAM 


Appointed in December, 1921, to direct re- 
search on the thermal properties of water- 
vapor and steam from 0 C to the upper 
4 limits of temperature and pressure 


(Reorganized April, 1929) 


.L. Assott, Vice-Chairman 


A. M. GREENE, JR. 
Ro Ce Ee Binck 
D. 8S. JAcosus 
Max JAKOB 

J. H. Keenan 

¥. G. Keyes 

L. 8. Marks 

G. A. OrroK 

R. J. S. Preorr 
H. V. RASMUSSEN 
HH. L. Roprnson 


STRENGTH OF GEAR TEETH 


Appointed in December, 1921. Is investigat- 
ing factors affecting the strength and life of 
gear teeth 


R. E. FLANDERS, Chairman 
C. H. Loeur, Secretary 
EARLE BUCKINGHAM 

A. M. GREENE, JR. 

C. W. Ham 

¥. E. McMvutien 

i. W. Mirier 

ERNEST WILDHABER 


CUTTING OF METALS 


Appointed in September, 1923. Is studying 

the problems of metal cutting, including tool 

materials, tool design, lubrication, cooling, 
and speeds and feeds 


M. F. Jupxins, Chairman 
L. N. Gurick, Secretary 
L. P. ALForp 

O. W. Boston 

R. C. DEALE 

A. L. DeLreuw 

C. M. THompson, JR. 


MECHANICAL SPRINGS 


Appointed May, 1924, to determine the 

status of the mechanical-spring art, to pro- 

mote and conduct necessary and adequate 

research, and to develop the art to the point 
of standardization 


J. R. Townsenn, Chairman 
CG. T. Epcrerton, Secretary 
C. E. BARBA 
R. W. Cook 
W. T. DonKIN 
RureN EKSERGIAN 
G. E. HANSEN 
BENJAMIN LIEBOWITZ 
Davin LorTs 
(R. D. BRIZZOLARA, Alternate) 
D. J. McApaM, JR. 
R. E. Prererson 
J. W. RockEFELLeR, JR. 
B. W. St. Cian 
M. F. Sayre 
T. R. WEBER 
Keira WILLIAMS 
J. K. Woop 
F. P. ZIMMERLI 
O. B. ZIMMERMAN 


Arricte B6A, Par. 24: The Standing Committee on Research shall, under the direction of 
the Council, have supervision of the research activities of the Society. 


The first Standing Committee on Research was organized in 1909. 


ELEVATORS 


Appointed June, 1924, as a subcommittee of 

the Sectional Committee on Safety Code for 

Blevators, to study the function and opera- 

tion of elevator safeties and buffers and 

their associated mechanisms and to develop 

methods of test for the approval of elevator 
safety devices 


(Reorganized August, 1940) 


D. J. Purinron, Chairman 
D. L. Linnquist, Vice-Chairman 
G. H. Reprerr (Alternate) 
J. A. Dickinson, Secretary 
M. G. Lioyp (Alternate) 
E. M. Bouron 

E. B. Dawson (Alternate) 
K. A. CoLAHAN 
G. P. KrocH 

F. Payiicexk. (Alternate) 
J. J. Matson 
M. B. McLAvuTHLIn 

CG. BR. Cattaway (Alternate) 
W. 8S. PAINE 

J. Ll. Keane (Alternate) 
C. A. Peters, JR. 


EFFECT OF TEMPERATURE ON THE 
PROPERTIES OF METALS 


Appointed December, 1924, as @ joint re- 
search committee of the A.S.T.M. and the 
AS.M.E. to encourage the investigation 
and accumulation of data on the properties 
of metals used in the mechanic arts at 
extremely high and low temperatures 


N. L. Mocuet, Chairman 

H. J. Kerr, Vice-Chairman 

J. W. Bourton, Secretary 

R. H. ABorRN 

W. H. ARMACOST 

A. B. BAGSAR 

A. D. BAILEY 

F, E. Basu 

, J, CLARK 

E. 8. Drxon 

F. B. Fotey 

J. R. FREEMAN, JR. 

H. J. FrencoH 

H. W. GILLEerr 

. HERZIG 

. JENKS 

. KANTER 

. E. MacQuice 

P. BE. McKInNEY 

E. L. Ropinson 

A. E. WHITE 

Director, National Bureau of Standards, 
U.S. Department of Commerce 

Representative of Bureau of Ships, U.S. 
Navy Department 


BOILER FEEDWATER STUDIES 


Appointed March, 1925, a8 a Joint Research 
Committee of the American Boiler Manu- 
facturers Association, American Raihoay 
Engineering Association, American Water 
Works Association, Edison Electric Instt- 
tute, the American Society for Testing Ma- 
terials, and the A.S.M.E. to study methods 
of analysis and treatment of boiler feed- 
water for stationary and railroad practice 
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BOILER FEEDWATER STUDIES 
(Continued) 


Executive Committee (Total personnel 41) 


C. H. FEttows, Chairman 
R. C. BARDWELL, Vice-Chairman 
J. B. Romer, Secretary 
A. G. CHRISTIE * 

R. E. CougHuirn 

B. W. Dr Grrr 

Max Hrcutr 

H. E. Jorpan 

Py By PEACE 

S. T. PowrEiu 

F. N. Speier 

M. F. Srack 

K. H. Tannery 

A. E. WHITE * 


CONDENSER TUBES 


Appointed May, 1925, to investigate and 

report on the causes of failure of tubes used 

in steam condensers and similar heat inter- 
change apparatus 


A. E. Waits, Chairman 

D. C. Werks, Vice-Chairman 

P. A. BANCELL 

H. Y¥. Basserr 

R. A. BowMAN 

D. K. Crampron 

C. A. CRAWFORD 

H. M. CusHine 

R. EK. Ditton 

J. R. Freeman, JR. 

V. M. Frost 

C. F. Harwoop 

G. C. HoLpEer 

W. C. HotmeEs 

W. B. Price 

M. F. Srack 

H. A. STAPLES 

W. R. WEBSTER 

Director, Bureau of Ships, U.S. Navy De- 
partment 


WORM GEARS 


Appointed May, 1927, to investigate certain 

problems in connection with the action of 

morm gear drives and to recommend im- 

provements in their design, manufacture, 
and use 


HARLH BUCKINGHAM, Chairman 

G. H. AcKER 

L. R. BUCKENDALE 

D. L. Linnaquisr 

A. A. Ross 

B. F. WATERMAN 

Representative of Bureau of Ships, U.S. 
Navy Department 


* Official A.S.M.E. 


ing on this committee. 


representatives sery- 
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MEASURES OF MANAGEMENT 


Appointed March, 1928, to attempt the 
reconciliation of certain economic laws 
affecting production, to develop formulas 
for management, and to collect and report 
information on management research 


W. EE. FREELAND, Ohairman 
F. E. Raymonp, Secretary 
J. H. BARBER 

T. H. Brown 

R. C, Dayis 

G. E. HAcEMANN 


STRENGTH OF VESSELS UNDER 
EXTERNAL PRESSURE 


Appointed June, 1929, to develop reliable 

design data on the strength of cylindrical 

and spherical surfaces under external pres- 

sure, particularly with reference to jacketed 
vessels 


W. D. Hausry, Chairman 
F. V. Hartman 

M. B. Hieeins 

A. W. Limont, JR. 

H. EK. SAUNDERS 

E. E. SHANoR 

D. B. Wresstrom 

F. 8. G. WriuramMs 

D. F. WinDENBURG 


WIRE ROPE 


Appointed April, 1930, to investigate exist- 
ing rope so that it may be better understood 
and more effectively used 


W. H. FuLweiter, Chairman 
H. LeR. Brink 

D. L. Lirnpeuist 

G. W. Martin 

A. H. McDouGgatu 

B. V. E. Norpsrre 

W. S. PAIne 

W. J. Ryan 

GrorcE SIMPSON 

L. EK. Youne 


CRITICAL PRESSURE STEAM 
BOILERS 


Appointed June, 1931, to study the char- 
acteristics of high-pressure forced-circula- 
lion steam-generating units 


H. L. Sorserc, Chairman 
W. H. Armacost 
A. D. Barry 

E. G. BarLey 

F. 8. Cuark 

C. H. Fritows 
H. J. Kerr 

G. A. Orrok 

K. C. Prrrie 

E. L. Rosrnson 
P. W. THOMPSON 


COTTONSEED PROCESSING 


Appointed December, 1932, to study the 
mechanical problems involved in storing, 
conditioning, and cooking cottonseed meats 


W. R. Woorricn, Chairman 
HoMER BARNES 

C. KE. GARNER 

J. F. Leany 

R. W. Morton 

B. J. Sams 

R. B. Taytor 


ROLLING OF STEEL (PLASTICITY) 


Appointed October, 1988, to study plasticity 
in the particular field of rolling of steel 


A. Napa, Chairman 
E. C. Barn 

C. L. EKsERGIAN 

J. H. Hrrencock 
G. B. Karerirz 

C. W. MacGrercor 
Morris Stone 

W. TRINKS 


A.S.M.E. Representatives on 
Other Research Committees 


See also A.S.M.E. Representatives on Other 
Activities, page RI-9 


AMERICAN COORDINATING COMMIT- 
TEE ON CORROSION 
American Society for Testing Materials 


S. L. Kerr 
(C. H. Frttows, Alternate) 


CORROSION COMMITTEE 


American Society of Refrigerating 
Hngineers 


(To be appointed) 


FATIGUE PHENOMENA OF METALS 
American Society for Testing Materials 
C. T. Epgerton 


HEAT-TREATMENT OF ROCK DRILL 
STEELS 


Advisory Board of the National Bureau of 
Standards and Bureau of Mines 


(To be appointed) 


METALLURGICAL RESEARCH 


Advisory Committee to the National Bureau 
of Standards 


C. H. Brerpaum 
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PROPERTIES OF REFRACTORY 
MATERIALS 


Advisory Committee to the National Bureau 
of Standards 


E. B. Powriu 


WATER FOR INDUSTRIAL USES 
American Society for Testing Materials 
J. H. WALKER 


STANDING COMMITTEE 


A. L. BaKer, Ohairman (1941) 
J. E. Lovery (1942) 

. T. Knocke (1943) 

?, EB. Frencw (1944) 

W H. Huw (1945) 


H 
i 


STANDARDIZATION AND UNIFICA- 
TION OF SCREW THREADS (B1) 


'* Joint sponsorship with the Society of 
Automotive Engineers. Sectional Committee 
originally organized in June, 1921. Reor- 
ganized in February, 1929 


' AS.M.E. Members (Total personnel, 35) 


|. E, Fuanpers, Chairman + 
/ Harte BuckincHam, Secretary 


7. G. CRAWFORD 
\A. M. Houser t 
H.C. E. Meyer 


P. V. Mixer + 

W. C. MUELLER 
R. H. PERRY 

O. B. ZIMMERMAN 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Scope, Arrangement, and Editing 
of American National Standard, R. 
E. FLANDERS 
No. 2 on Terminology and Thread Specifica- 
tions, Except Gages, C. W. BreTrcHER 
No. 3 on Special Threads and Twelve Pitch 
; Series, Except Gages (to be ap- 
pointed) 
No. 4 on Acme and Other Similar Threads, 
Except Gages, EArLE BUCKINGHAM 
No. 5 on Screw Thread Gages and Inspec- 
tion, G. S. CAsE : 
No. 7 on Wood Screws, ARTHUR Boor 


Special Subcommittee on Revision of Ameri- 
can Standard, P. V. MILLER 


PIPE THREADS (B2) 


* Joint sponsorship with the American Gas 
_ Association. Sectional Committee originally 
organized in 1918. Reorganized May, 1927 


ASM.E. Members (Total personnel, 48) 


S. Mriter, Chairman 
_B. LePacn, Acting Secretary 
. F, BREITENSTEIN { 

J. BRYANT 

S. CoLe 

S. CorNELL, JR. 

J. Crorry 

P. DENTON 

J. HARMAN 

. M. Houser + 

H. JARECKI 

V. MiILLer + 

H. MoreEHEAD 

W. C. Morris ts 


* Note: All of these standards committees 
for which the Society is sponsor or joint 
sponsor, or on which it has representation, 
are organized under the procedure of the 
American Standards Association. 

+ Official A.S.M.E. representative serving 
on this committee. 
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STANDARDIZATION COMMITTEES 


Articte B6A, Par. 23: 


The first Standing Committee on Standardization was organiz 


S. Fk. NEwMAN 

L. N. SHANNON 
FRANK THORNTON, JR. 
J. H. WILLIAMS 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Editing and Gaging, A. M. Houser 
No. 2 on Taper Pipe Threads, 8S. B. Terry 
No.3 on Straight Pipe Threads, A. S. 


MILLER 
No. 4 on Plumbers’ Threads, A. F. BREITEN- 
STEIN 


No.5 on Screw Threads for Rigid Steel 
Conduit, JAMES BARTON 

No. 6 on Special Threads for Thin Tubes, 
C. C. WINTER 


Special Subcommittee on Tolerances on 
Thread Elements, E. J. BRYANT 

Special Editing Subcommittee on Taper 
Pipe Threads, S. B. TERRY 

Special Editing Subcommittee on Straight 
Pipe Threads, Paut MILLER 

Special Subcommittee on Truncation, E. J. 
BryANT 


BALL AND ROLLER BEARINGS (B3) 


* Joint sponsorship with the Society of 
Automotive Engineers. Sectional Committee 
organized December, 1920 


ASME. Members (Total personnel, 20) 


W. P. Kennepy. Vice-Chairman ti 
D. EB. BaTEsore + 

L. A. CUMMINGS 

Oscar H. DorER 

¥F. G. Hugues 

Cuba HULSE, | 

L. F. NENNINGER 

S. M. WEOKSTEIN T 

ERNEST WOOLER 


ALLOWANCES AND TOLERANCES 
FOR CYLINDRICAL PARTS AND 
LIMIT GAGES (B4) 


* Sole sponsorship. Sectional Committee 
originally organized in June, 1920. Reor- 
ganized in September, 1930 


A.S.M.E. Members (Total personnel, 43) 


J. BE. Lovety, Chairman + 
F. E. BANFIELD, JR. 

F, §. BLAcKALL, JR. 

KE. J. Bryant 

EarLeE BUCKINGHAM + 

F. H. Corvin + 

T. G. CRAWFORD 

R. E. W. Harrison 


F. O. HoacLannd 

N. E. JAcosr 

H. C. E. MEYER 

P. V. MILLER 

W. C. MUELLER 

13, GE aeAvverce 

R. H. PERRY 

W. C. SCHOENFELDT 
GC. C. STEVENS 

O. B. ZIMMERMAN 


SUBCOMMITTEE CHAIRMAN 


No. 1 on Tolerance Systems, Rew: 


HARRISON 
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rf The Standing Committee on Standardization shall advise the 
Council on the dimensional standardization work of the Society, 
American Standards Association. 


including relations with the 


ed in April, 1911 


SMALL TOOLS AND MACHINE TOOL 
ELEMENTS (85) 


* Joint sponsorship with the National Ma- 

chine Tool Builders Association and the So- 

ciety of Automotiwe Engineers. Sectional 
Committee organized September, 1922 


AS.M.E. Members (Total personnel, 25) 


W. C. Muewier, Chairman t 
F. O. Hoaciann, Vice-Chairman 
J. B. ARMITAGE 

O. W. Boston 

E. J. Bryant 

EarLe BUCKINGHAM 

F. H. Cotvin 

S. A. EINSTEIN 

H. E. Harris t+ 

JoHN Haypock 

J. P. Laux t 

J. E. Lovety 

A. EF. Murray tf 

Erik OBERG 

FRANK THORNTON, JR. 


TECHNICAL COMMITTEES 


EXEOUTIVE COM MITTEE 
A.S.M.E. Members (Total personnel, 3) 


Ww. CG. Mutter, Chairman + 
F. O. Hoaciann, Vice-Chairman 
H. E. Harris t 


No. 1 on T-SLors 
A.S.M.E. Members (Total personnel, 7) 


Errk OBerc, Chairman } 
J. B. ARMITAGE 

Harry CADWALLADER, JR.t 
S. A. EINSTEIN 

¥. O. HoacLanp t 


No. 2 on Toot Posts snp TooL SHANKS 
A.S.M.E. Members (Total personnel, 8) 


O. W. Boston, Chairman 
FE. S. BLACKWALL, JR. 
GRANGER DAVENPORT + 

M. E. LANGE 


No. 3 oN MACHINE TAPERS 
A.S.M.E. Members (Total personnel, 21) 


BE. J. Bryant, Chairman + 
Cc. B. LePace, Acting Secretary 
J. B. ARMITAGE 
F. S. BLACKALL, JR. 
EARLE BUCKINGHAM Tt 
¥. H. Cotvin 
J. B. DILLARD 
(T. F. GITHENS, Alternate) 
B. P. GRAVES 
H. E. Harris 
F. O. HoaGLanp t 
J. H. Horiean 
A. H. Lyon 
L. F. NENNINGER 


SUBGROUP CHAIRMEN 


Steep Tapers Series, S. McMULiLan 
Revision of Slow Taper Standard, E. J. 
BryaNtT 
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SMALL TOOLS AND MACHINE TOOL 
ELEMENTS (B5) 


(Continued) 


No. 4 on Sprnpite Noses AND COLLETS FOR 
MaAcuine Toots 


A.S.M.E. Members (Total personnel, 26) 


J. KE. Loyrery, Chairman + 
L. F. Newnrnerr, Secretary 
J. B. ARMITAGE 

B. P. Graves 

F. O. Hoagianp + 

A. M. JoHNSON 

M. FE. Laner 

. H. MANSFIELD 

. D. SPENCE 


= 


J 
L 
SUBGROUP CHAIRMEN 


No. 1 on Milling Machines, Small and Me- 
dium, J. B. ARMITAGE 

No. 2 on Large Milling Machines, F. B. 
KAMPMEIER 

No. 3 on Grinding Machine Spindles, H. J. 

GRIFFING 

on Drilling Machines and Horizontal 

Boring Machines, 8. McMuLLAN 

No. 6 on Turning Machines, Including 
Automatie Screw Machines, Lathes, 
Automatic Lathes, Turret Lathes, 
and Automatic Chucking Machines, 
J. EK. Lovery 

No. 8 on Correlation of Counter Proposals 
for Spindle Noses, J. E. Lovery 


Z 
° 
or 


No. 5 on Mitiine Currers 
A.S.M.E. Members (Total personnel, 20) 


J. B. ARMITAGE 

A. N. Gopparp t+ 

J. H. Horrean 

G. L. MarKkuanp, JR. 
K. K. Morgan 

ERIK OBERG + 

EK. D. VANncrn 


SUBGROUP CHAIRMEN 


No. 1 on Profile Cutters, E. D. Vancrn 
No. 2 on Keyways, J. B. ARMITAGE 
3 on Nomenclature, A. C. DANEKIND 
No. 4 on Limits, J. H. Horican 
No. 5 on Formed Cutters, H. C. Hunenr- 
FORD 
No. 6 on Hobs, G. L. Mark anp, JR. 
No. 7 on Inserted Tooth Cutters, 
ARMITAGE 


J. B. 


No. 6 oN DESIGNATIONS AND WORKING 
RanceEs or MAcuine Toots 


A.S.M.E. Members (Total personnel, 19) 


Joun Haypock, Chairman 
EARLE BucKINGHAM + 

T. H. Doan, Jr. 

B. P. Graves t+ 

J. J. McBripr 

KE. R. Smire 


No. 7 on Twist Dritu Sizes 
A.S.M.E. Members (Total personnel, 6) 


W. C. MUELLER, Chairman + 
J. H. Horiean + 


No. 8 on Jie Busuines 
A.S.M.E. Member (Total personnel, 8) 
J. H. Horrean }, 


A.S.M.B. SOCIETY RECORDS, PART 1 


No. 9 on PuncH Press Too.is 
A.S.M.E. Members (Total personnel, 15) 


D. H. Cason 

N. W. Dorman 

H. EH. Harris + 

D. M. PALMER 

No. 10 on Formine Toots anp Howpers 
A.S.M.E. Members (Total personnel, 9) 


W. C. Mouriier, Chairman + 
WILLIAM HarTMAN + 
L. D. Spence 
No. 11 on CHucks AND CHUCK JAWS 
A.S.M.E. Member (Total personnel, 10) 
J. E. Lovety, Chairman + 


SUBGROUP CHAIRMEN 
No. 1 on Master Chuck Jaws, J. BE. Lovery 
No. 2 on Adapters for Air Cylinders, J. B. 
LoveLy 
No. 12 on Cur AND GrounD THREAD TAPS 
(Total personnel, 7) 


No. 13 on Sriines AND SpPLinep SHAFTS 
A.S.M.E. Members (Total personnel, 14) 


J. B. ARMITAGE + 
R. BE. W. Harrison 
F. O. Hoagranp 
J. KE. Lovery + 

B. F. WATERMAN 


No. 17 oN NOMENCLATURE FOR SMALL TOOLS 
AND MAcHINE TooL ELEMENTS 
A.S.M.E. Members (Total personnel, 12) 
O. W. Boston, Chairman and Secretary 

F. §. BLACKALL, JR. 
F. H. Cotvin + 
H. EH. Harris 
F. O. HoacLannp 
He-Officio Members 
A. N. GoppArpD 
W. C. MUELLER + 
No. 19 on S1neun-Pornt Currine Toors 
A.S.M.E. Members (Total personnel, 2) 
F. H. Corvin, Chairman + 
O. W. Boston, Secretary 
No. 20 oN REAMERS 
A.S.M.E. Members (Total personnel, 16) 


F. H. Coivin 
T. F. Grruens + 
J. H. Horrigan + 
H. E. WeEtis 


SUBGROUP CHAIRMAN 
No. 1 on Reamer Proposal, C. M. Ponp 
No. 21 on Toot-Lare Tests ror Srncier- 
Point Toots 
A.S.M.E. Members (Total Personnel, 11) 
O. W. Boston, Chairman 
M. F. JupKins 
No. 22 STANDARDS or ACCURACY FOR 
Encines LATHES 


Note.—Sectional Committee B5 recognized 
the Committee on Standards of the Lathe 


Group of The National Machine Tool Build- 
ers Association as the personnel of this. 
technical committee. 


GEARS (B6) 


* Joint sponsorship with the American Gear 
Manufacturers Association. Sectional Com-- 
mittee organized June, 1921 


A.S.M.E. Members (Total personnel, 27) 


B. F. Waterman, Chairman 
Earte BucKINGHAM, Vice-Chairman + 
C. B. LePacn, Acting Secretary 
G. H. AckErR 

U. S. EperHarptr 

1UGUBIE hear 

C. B. Hamiuxron, Jr. 

D. T. Hamiron 

M. R. Hanna 

O. A. LeuTwiter + 

G. L. MArKLAND, JR. 

CARLETON REYNELL 


SUBCOMMITTEE CHAIRMEN 


Executive Committee, B. F. WATERMAN 

No. 1 on Program, B. F. WaTERMAN 

No. 2 on Editing Reports, B. F. WATERMAN 

No. 3 on Nomenclature, D. T. HamiLron 

No. 40on Tooth Form (Spur Gears), U. 8. 
EBERHARDT 

No. 5 on Helical Gears, W. P. Soumrrrer 

No. 6 on Worm Gears, T. R. Ripnour 

No. 7 on Bevel Gears, F. L. KNow1es 

No. 8 on Materials, C. B. HAMILTON, JR. 

No. 9 on Inspection, J. P. Breurr 

No. 10 on Horsepower Rating, EARLE BuckK- 
INGHAM 


PIPE FLANGES AND FITTINGS (B16) 


* Joint sponsorship with the Heating, Pip- 

ing, and Air Conditioning Contractors Na- 

tional Association and the Manufacturers 

Standardization Society of the Valve and 

Fittings Industry. Sectional Committee or- 
ganized October, 1921 


A.S.M.E. Members (Total personnel, 48) 


C. P. Briss, Chairman 
J. J. Harman, Secretary 
L. W. Benoit + 

A. L. Brown 

SABIN CROCKER 
FrrDINAND FINK 

H. E. Haire 

J. S. Hess 

H. A. Horrer + 

E. L. Hopprne 

A. M. Houser ‘ 
D. 8. JAconus 

C. A. Keitine t+ 

J. R. Kruse (Joun Briizarp, Alternate) 
M. B. MAcNEILLE 

F. H. Morreurap 

L. 8S. Morse 

Lupwie SKoe 

J. R. TANNER + 

J. H. TAYLor 

H. L. UNpdreR HILL 

G. W. Warts 

J. H. WILLIAMS 


SUBCOM MITTEE CHAIRMEN 


Kixecutive Committee, C. P. Briss + 

No. 1 on Cast Iron Flanges and Flanged 
Fittings, A. M. Houser 

No. 2 on Screwed Fittings, F. H. Morrneap 

No. 3 on Steel Flanges and Flanged Tit- 
tings, C. P. Buiss 


PIPE FLANGES AND FITTINGS (B16) 
(Continued) 


0.4 on Materials and Stresses, A. M. 
HOUSER 

0. 5 on Face io Face Dimensions of Fer- 
ih rous Flanged Valves, J. R. TANNER 
‘Xo. 6 on Malleable Iron or Steel Brass 
Seat Unions (to be appointed) 
‘No. 7 on Rating of Pipe Fittings (to be 
appointed) 

/No. 8 on Marking of Pipe Fittings, F. H. 
; MorELAND 

No. 9 on Port Openings, W. W. HuBBarp 


SHAFTING (B17) 
* Sole sponsorship. Organized October, 1918 
~ ASME. Members (Total personnel, 13) 


‘C. M. CHarmMan, Chairman + 
-C. B. LePace, Secretary 
H.C. E MEYER 
- L. C. Morrow 
J. M. SHIMER 
_G.N. Van DerHoer t 
L. W. WILLIAMS T 


BOLT, NUT, AND RIVET PROPOR- 
TIONS (B18) 


!* Joint sponsorship with the Society of 
Automotive Engineers. Sectional Committee 
organized March, 1922 


AS.M.E. Members (Total personnel, 52) 


H. E. Aupricu 

F. C. BILiines 

B. G. BRAINE 

G. S. Case 

T. G. CRAWFORD 

H. P. Frear 

A. M. Houser t+ 

HerMAN KOESTER 

S. F. NewMAN 

R. J. WHELAN 

E. M. WHITING 

V. R. WILLOUGHBY 
(J. J. McBrive, Alternate) 

O. B. ZIMMERMAN 


SUBCOMMITTEE CHAIRMEN 


on Large and Small Rivets (to be 

appointed) 

No. 2 on Wrench-Head Bolts and Nuts, W. 
K. MENDENHALL, JR. 

No. 3 on Slotted Head Proportions (to be 
appointed) 

No. 4 on Track Bolts and Nuts (to be ap- 
pointed) 

Xo. 5 on Round Unslotted Head Bolts 

(Carriage Bolts), M. C. Horine 

on Plow Bolts, O. B. ZIMMERMAN 

on Body Dimensions and Materials 

(to be appointed) 

on Nomenclature, G. 8. CASE 

on Socket Head Cap and Set Screws, 

HeEerRMAN KOESTER 


| 


No. 1 


No. 
No. 


“10 


No. 
No. 


Nemes} 


PLAIN AND LOCK WASHERS (827) 


* Joint sponsorship with the Society of 
Automotive Engineers. Sectional Commit- 
tee organized August, 1925 


AS.MS. Members (Total personnel, 37) 


H. C. HE. MEYER 
W. C. MuELLER t 
BE. M. Wuirrne t 
O. B. ZIMMERMAN 


EUGENE CALDWELL 
T. G. CRAWFORD 
B. S. Lewis t 

C. H. LoutTrei 

J. J. McBrive 


AS.M.E. SOCIETY RECORDS, PART 1 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Plain Washers, W. L. BartH 
No. 2 on Spring Washers, E. CowLin 


TRANSMISSION CHAINS AND 
SPROCKETS (B29) 


* Joint sponsorship with the Society of 
Automotive Engineers and the American 
Gear Manufacturers Association. Sectional 
Committee organized September, 1917. Re- 
organized December, 1926 


ASME. Members (Total personnel, 16) 


W. J. BELCHER 

C. B. JAHNEE T 
JOSEPH JOY 

L. V. Lopy } 

D. B. Perry 

C. R. WEIss 

G. A. YouNG 

O. B. ZIMMERMAN 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Roller Chain Standardization (to 
be appointed) 

No. 2 on Silent Chain Standardization, G. 
A, YOUNG 


CODE FOR PRESSURE PIPING (B31) 


* Sole sponsorship. Sectional Committee or- 
ganized March, 1926. Reorganized Decem- 
ber, 1937 


ASME. Members (Total personnel, 101) 


E. B. Ricketts, Chairman 
R. E. Bryant 
Cc. 8. CoLz 
H. C. Cooper 
D. H. Corey 
SABIN CROCKER 
H. D. Epwarps 
HH. R. Fish 
CHARLES FITZGERALD 
V.M. Frost 
T. W. GREENE 
H. E. HALLER 
W. D. HALsey 
J. S. Have 
H. A. Horrer 
G. G. HoLLIns 
EK. L. Hoprrne 
A. M. Hovuser t+ 
ALFRED IDDLES + 
D. 8. JAcoBuUS 
T. M. JASPER 
C. A. KELTING 
G. S. Larsen 
M. B. MacNEILLE 
G. W. Martin 
H. C. E. Meyer 
J. W. Moorr 
(J. D. Carron, Alternate) 
F. H. MoreveAD 
(W. W. CRAWFORD, Alternate) 
(J. J. HARMAN, Alternate) 
H. H. Morean 
L. S. Morse 
A. W. MovuLpEk 
HE. W. Norris 
C. W. OBERT 
G. A. ORROK 
A. L. PENNIMAN, JB. 
C. S. Roprnson + 
J. H. RoMANN 
D. B. RossHEIM 
G. W. SAATHOFF 
G. K. SAURWEIN 
Lupwic SKoG 
H. 8. SmirH 
(H. H. Moss, Alternate) 
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J. R. TANNER 

H. TAyLor 

H. VANCE 

L. WHITTEMORE 
H. WILLIAMS 


FE. WOLFE 


SUBCOMMITTEE CHAIRMEN 


on Plan, Scope, and Editing, SABIN 
CROCKER 

2 on Power Piping, ALFRED IpDLE3 
No. 4 on Gas and Air Piping, J. S. Have 

5 on Refrigeration Piping, A. B. STIcK- 
NEY 
on Oil Piping, A. D. SANDERSON 
on Piping Materials and Identifica- 
tion, F. H. MorrHEAD 
on Fabrication Details, Lupwi¢ Skog 
on District Heating Piping, G. K. 
SAURWEIN 


A 
os 
aD 


co CO 


WIRE AND SHEET METAL GAGES 
(B32) 


* Joint sponsorship with the Society of 

Automotive Engineers. Sectional Committee 

organized November, 1928. Reorganized 
November, 1939 


A.SM.E. Members (Total personnel, 34) 


A. P. Corrie 
J. F. Howe t 
F. G. Witson + 


SUBCOMMITTEE CHAIRMAN 
Wire and Sheet Metal Gages, H. W. TENNEY 


SCREW THREADS FOR HOSE 
COUPLINGS (B33) 


* Sole sponsorship. Sectional Oommittee 
organized August, 1928 


AS.M.E. Members (Total personnel, 28) 


A. L. Brown, Secretary 
A. BF. BREITENSTEIN t 
Jere Gromer. 
W. L. Curtiss 
W. HE. DunHaM + 
J. J. HARMAN 
(F. C. ERNST, Alternate) 
A. M. Houser 
H. C. E. Meyer 
J. H. WILLIAMS 


SUBCOMMITTEE CHAIRMEN 


No. 1 to Draft Recommended Specifications 
(to be appointed) 

No. 2 on Basic Thread Dimensions, D. 1X, 
MILLER 


WROUGHT IRON AND WROUGHT 
STEEL PIPE AND TUBING 
(B36) 


* Joint sponsorship with the American So- 
ciety for Testing Materials. Sectional Com- 
mittee organized April, 1928 


A.S.M.E. Members (Total personnel, 43) 


H. H. Morcan, Chairman 
Sapin Crocker, Secretary 
J. S. ADELSON 
H. HE. ALDRICH 
KH. L. Hopping 

(A. B. Morean, Alternate) 
A. M. Houser t+ 
D. S. Jacosus t 

(F. S. CLarK, Alternate) tT 
J. J. KANTER 
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WROUGHT IRON AND WROUGHT 
STEEL PIPE AND TUBING 
(B36) 


(Continued) 


H. C. EH. Mryer 
F. H. MorrHrap 
H. B. Oatiry + 
Lupwice SKoe + 
F. N. SpELLER 

J. R. TANNER 
A. E. WHITE 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Plan, Scope, and Editing, H. H. 
Morcan 

No. 2 on Pipe and Tubing for Low Tem- 
perature Service, J. J. SHUMAN 

No. 3 on Pipe and Tubing for High Tem- 
perature Service, J. R. TANNER 

No. 4 on Materials, F. H. Moreurap 


PRESSURE AND VACUUM GAGES 
(B40) 


sponsorship. Sectional 
organized July, 1930 


A.S.M.E. Members (Total personnel, 44) 


M. D. Encte, Chairman 
A. W. Lrenprroru, Secretary + 
Kk. J. BRYANT 

J. P. CAVANAUGH + 
PAvuL DISERENS 

C. H. GRAESSER 

W. F. Jones 

R. J. Kenu 

J. C. McCune t+ 

A. H. Morcan 

H. B. Reynoips 

W. C. SCHOENFELDT 


* Sole Committee 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Plan and Scope, M. D. Eneun 
No. 2 on Definitions, C. F. Scawrp 
No. 3 on Gage Sizes and Mounting Dimen- 


sions, H. B. Rrynoips 
No. 4 on Accuracy and Test Methods, O. J. 
Hopen 


STOCK SIZES, SHAPES AND LENGTHS 
FOR HOT AND COLD FINISHED 
IRON AND STEEL BARS (B41) 


* Sole sponsorship. Sectional 
organized June, 1930 


A.S.M.E. Members (Total personnel, 27) 


F, H. DecHANT 
H. D. TANNER 

L. W. WILiiAms + 
G. H. Wooprorre 
O. B. ZIMMERMAN 


Oommittee 


SUBCOMMITTEE CHAIRMEN 
No. 1 on Hot Rolled Steel, Hanry Wrysor 


No.2 on Cold Finished Steels, L. HK. 
CREIGHTON 


No. 3 on Hot Rolled Ivon (to be appointed) 


SPECIFICATIONS FOR 
BELTING (B42) 


* Sole sponsorship. Sectional Committee 
organized February, 1981 
A.S.M.E. Members (Total personnel, 24) 


H. T. Coates 
R. W. Drake + 


LEATHER 


A.S.M.E. SOCIETY RECORDS, PART 1 


Kine HATHAWAY 
J. KH. Rwoaps 

G. A. SCHIEREN 

O. B. ZIMMERMAN 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Standard Specifications, R. C. 
BOWKER 

No. 2 on Recommendations for Selection, 
Care, and Installation, G. A. 
ScHIEREN 


MACHINE PINS (B43) 


* Joint sponsorship with the Society of 
Automotive Hngineers, Sectional Committee 
organized March, 1926 


A.S.M.E. Members (Total personnel, 13) 


EK. J. Bryant + 

J. J. McBripe 

H. C. E. Meyer 
O. B. ZIMMERMAN 


SUBCOM MITTEES 


No. 1 on Straight, Taper, and Dowel Pins 
(to be appointed) 
No. 2 on Split Pins (to be appointed) 


CLASSIFICATION AND DESIGNATION 
OF SURFACE QUALITIES (B46) 


* Joint sponsorship with the Society of 
Automotive Engineers. Sectional Commit- 
tee organized May, 1932 


A.S.M.E. Members (Total personnel, 63) 


. ABBOTT 

. BRYANT 

. CRAWFORD 
. DEALE | 

. EBERHARDT 
. EINSTEIN 

. Gaae 

. W. GILBERT 

. J. HARMAN 

. E. W. Harrison + 
*, V. HArtTMAN 
. O. HoAGLaANnpD 
. J. HoLtzcLraw 
. T. Kent 

. F. Kurtz 

. H. Lyon 

M. W. Perric 

F. C. Spencer 
C. C. STEvENS 
J. 8S. TAwRESsEY 
STEwaArT Way 

C. H. WHITAKER 
ERNEST WOOLER 
JOHN WULEF 


“Mgr Pqry sas 
gqrnRagnuyg, 


Ieee) 


PHA 


SUBCOMMITTEE CHAIRMEN 


Executive Committee (to be appointed) 

No. 2 on Surfaces Produced by Molds, Dies, 
Rolls, or Any Other Means of De- 
forming Materials (to be appointed) 

No. 3 on Coated Surfaces, G. B. Hoganoom 

No. 4 on Symbols for Indicating Surface 
Quality on Drawings, T. G. Crawrorp 

No. 5 on Ways, Means, and Apparatus for 
Measuring Quality of Surface (to be 
appointed) 

No. 7 on Standards for Appearance of Sur- 
faces (to be appointed) 


COMBUSTION SPACE FOR SOLID 
FUELS (B50) 


* Sole sponsorship. Sectional Committee ~ 
organized June, 1933 


A.S.M.E. Members (Total personnel, 21) 


C. E. Bronson, Chairman 
W. G. Curisty 

JOHN HUNTER 

A. J. JOHNSON 

V. G. Lracu + 

J. P. Macos 

J. F. Moinrire 

F. L. Meyer 

C. A. REED 

JOHN VAN Brunt t 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Purpose and Scope, C. E. Bronson 

No. 2 on Combustion and Design, B. M. 
GUTHRIE 

3 on Warm Air Furnaces, J. H. MANNY 

on Steel Heating Boilers, W. B. Rus- 

SELL g 

on Cast Iron Boilers, J. F. McINTIRE 


7, 
Ns 
HE 09 


No. 5. 


SCHEME FOR IDENTIFICATION OF 
PIPING SYSTEMS (A13) 


* Joint sponsorship with the National 
Safety Council. Sectional Committee or- 
gamzed June, 1922 


A.S.M.E Members (Total personnel, 33) 


EK. E. ASHiry 

W. L. BUNKER 
Crosby Freip 

HK. L. Hopping 

H. L. Miner 

H. 8S. Smite 

FRANK THORNTON, JR. 


SUBCOMMITTEE CHAIRMEN 


Identification by Colors (to be appointed) 

Classification, Crospy Freip 

Identification Markings Other Than Color 
(to be appointed) 

Executive Committee, A. S. Heppir 

Editing Subcommittee, A. S. Hessip 


MINIMUM REQUIREMENTS FOR 
PLUMBING 


AND STANDARDIZA- 
TION OF PLUMBING EQUIPMENT ' 
(A40) : 


* Sole sponsorship. Sectional Committee 
organized August, 1928 


A.S.M.E. Members (Total personnel, 51) 


C. B. LePage, Acting Secretary 
J. F. CARNEY 
C. 8. Cote 
A. M. Houser 
G. W. Martin 
(A. H. Morean, Alternate) 
W. K. McArre 
W. R. WEBSTER + 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Minimum Requirements for 
Plumbing (to be appointed) 

No. 2 on Staple Vitreous China Plumbing 
Fixtures, H. R. Van Scrver 

No. 3 on Staple Porcelain (All Clay) 
Plumbing Equipment, H. R. Van 
SCIVER 

No. 4 on Enameled Sanitary Ware, A. H. 
CLINE, JR. 

No. 5 on Traps, A. R. McGonre@au 

No. 6 on Brass Plumbing Products, J. L. 
Mourreny 


MINIMUM REQUIREMENTS FOR 
PLUMBING AND STANDARDIZA- 
TION OF PLUMBING EQUIPMENT 
(A40) 

(Continued) 


No. 7 on Brass Fittings for Flared Copper 
1 Tubes, F. L. Rieein 

‘No. 8 on Cast Iron Soil Pipe and Fittings 
(to be appointed) 

‘No. 9 on Gasoline, Oil, and Grease Separa- 
tors (to be appointed) 

on Soldered Fittings for Tubing, A. 
HS) M. Houser 

/No. 12 on Minimum Air Gaps in Plumbing 
Systems, W. K. McArer 


Joint Committee on Threaded Cast Iron 
Pipe, F. H. Morrenmap 


No. 11 


ELECTRIC MOTOR FRAME 
DIMENSIONS (C28) 


-* Joint Sponsorship with the National Hlec- 
trical Manufacturers Association. Sectional 
f) Committee organized November, 1927 


AS.M.E. Members (Total personnel, 28) 


CO. A. ADAMS 

*S. A. EINSTEIN 
x. W Ey 

F. 8S. EnciisH 
hw. F. JoNES 

A. G. TRUMBULL t 


ROLLED THREADS FOR SCREW 
SHELLS OF ELECTRIC SOCKETS 
AND LAMP BASES (C44) 


* Joint sponsorship with the National Blec- 
trical Manufacturers Association. Sectional 
Committee organized March, 1929 


AS.M.E. Members (Total personnel, 16) 
i 


|) i. J. BRYANT T 

| Barre BucKINGHAM + 
_A. B. Morcan 

_ E. S. Sanperson t+ 


LETTER SYMBOLS AND ABBREVIA- 
TIONS FOR SCIENCE AND ENGI- 
NEERING (Z10) 


* Joint sponsorship with the American As- 
sociation for the Advancement of Science, 
American Institute of Hlectrical Engineers, 
American Society of Civil Engineers, and 
the Society for the Promotion of Engineer- 
ing Education. Sectional Committee organ- 
ized January, 1926. Reorganized October, 
} 1985 


ASM.B. Members (Total personnel, 39) 


S. A. Moss, Vice-Chairman + 
K. H. Convir 
Rm J. S. Prcorr + 
(S. R. Brerrier, Alternate) + 
Frank THoRNTON, JR. 


SUBCOMMITTEE CHAIRMEN 


Executive Committee, S. A. Moss, Vice- 
Chairman 
No. 1 on Letter Symbols and Signs for 


Mathematics, A. A. BENNETT 


No. 2 on Symbols for Hydraulics, al Ws 
STEVENS 

No. 3 on Symbols for Mechanics, aR, be 
PETERSON ~ 


No. 4 on Symbols for Structural Analysis, 
ALBERT HAERTLEIN 

No. 5 on Symbols for Heat and Thermody- 
namics, 8. A. Moss 

No. 6 on Symbols for Photometry, 13 RCr, 
CRITTENDEN 
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No. 7 on Acronautical Symbols, G. W. 
Lewis 
No. 8 on Symbols for Electric and Magnetic 


Quantities, J. F. Mryrr 
9 on Symbols for Radio, H. M. TURNER 
10 on Symbols for Physics, H. 1S 
HUGHES 
11 on Abbreviations for Engineering 
and Scientific Terms, G. A. STETSON 
Steering Committee, J. F. Mrymr 


No. 
No. 


No. 


DRAWINGS AND DRAFTING ROOM 
PRACTICE (Z14) 


* Joint sponsorship with the Society for the 
Promotion of Engineering Education. Sec- 
tional Committee organized July, 1926 


A.S.M.E. Members (Total personnel, 52) 


T. BE. Frencu, Chairman 
CG. W. Keurret, Secretary 
T. G. CRAWFORD 

H. P. FrreAR 

A. C. HARPER 

E. R. Hi. 

A. M. Houser 

AurreD IDDLES 

SAMUEL KEroHuUM t 

F. R. LANey 

H. B. LANGILLE 
RupotpH MIcHEL 

KF. W. Mine 

W. C. MUELLER 

EH. B. Nem 

J. W. OwrENs 

¥F. C. PanuskKA 

B. S. Smrra t 


GRAPHIC PRESENTATION (Z15) 


* Sole sponsorship. Sectional Committee 
organized November, 1926 


ASM.B, Members (Total personnel, 31) 


G. B. Hagemann, Secretary + 
©. M. BrerLow 

WALLACE CLARK 

T. BH. FrRencH 

D. B. Porter t+ 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Plan and Scope (to be appointed ) 

No. 2 on Terminology (to be appointed) 

No. 3 on Preferred Practice for Time 
Series Charts, A. H. RICHARDSON 

No. 4 on Engineering and Scientific Graphs, 
W. A. SHEWHART 


SPEEDS OF MACHINERY (Z18) 


* Sole sponsorship. Sectional Committee 
organized May, 1928 


AS.M.E. Members (Total personnel, 30) 


CG. M. BieELow + 
J. F. Dacentr 

R. C. DEALE + 
Pau. DISERENS 

F. 8. Enerisnh 

D. C. Jackson 
JoHN REID 

P. G. Rwoaps 

¥. C. SPENCER 

O. B. ZIMMERMAN 


SUBCOM MITTEE CHAIRMEN 


No. 1 on Plan and Scope, A. HE. HALy 

No. 2 on Questionnaire and Canvass to In- 
dustry, F. S. ENGLISH 

No. 3—Special Reviewing Committee (to be 
appointed ) 
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GRAPHICAL SYMBOLS AND ABBRE- 
VIATIONS FOR USE IN 
DRAWINGS (232) 


* Joint sponsorship with American Institute 
of Electrical Engineers. Sectional Commit- 
tee organized April, 1936 


A.S.M.E. Members (Total personnel, 52) 


EH. E. ASHLEY 
J. M. BARNES 
T. E. FrRence + 
G. F. Hapach 
D. T. HAMILTON 
A. M. Houser 
(J. J. Harman, Alternate) 
W. C. MUELLER 
L. L. MuNIER 
J. W. OWENS 
F. C. Panuska 
1. R. THOMAS 


SUBCOMMITTEE CHAIRMEN 


No. 1 on Symbols for Use in Mechanical 
Engineering, T. E. Frencw 

No. 2 on Symbols for Use in Electrical En- 
gineering, H. W. SAMSON 


DEVELOPMENT OF STATISTICAL AP- 
PLICATIONS IN ENGINEERING 
AND MANUFACTURING 


Joint Sponsorship with the American Math- 
ematical Society, American Society for 
Testing Materials, American Statistical As- 
sociation, Institute of Mathematical Sta- 
tistics. Appointed in December, 1929 


A.S.M.E. Members (Total personnel, 9) 


A. G. ASHCROFT 
W. H. FULWEILER 
L. K. Srticox + 
J. S. TAWRESEY } 


A. S. M. E. Representatives on 
Miscellaneous Standardization 
Committees 


See also A.S.M.E. Representatives on Other 
Activities, page RI-9 


ACOUSTICAL MEASUREMENTS AND 
TERMINOLOGY 


* Sponsor body: Acoustical Society of 
America 


P. H. BILHUBER 

W. B. WHITE 
(R. V. Parsons, Alternate) 
(J. 8. PARKINSON, Alternate) 


AERONAUTICS 


* Sponsor body: Society of Awtomotive 
Engineers 


BE. A. Sperry, JR. 


APPROVAL AND INSTALLATION RE- 
QUIREMENTS FOR GAS BURNING 
APPLIANCES 


* Sponsor body: American Gas Association 
O. F. CAMPBELL 
BUILDING CODE REQUIREMENTS 
FOR LIGHT AND VENTILATION 


* Sponsor bodies: Federal Housing Admini- 
stration and U.S. Public Health Service 


F. R. ScHERER 
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COAL AND COKE 


Committee of American Society for Test- 
ing Materials 


R. M. Harperove 


DEFINITIONS OF ELECTRICAL 
TERMS 


* Sponsor body: American Institute of 
Hlectrical Engineers 


C. H. Berry 


DRAINAGE OF COAL MINES 
* Sponsor body: American Mining Congress 
O. M. Prourrr 


ELECTRIC WELDING APPARATUS 


* Sponsor bodies: American Institute of 
BDlectrical Hngineers and the National Elec- 
trical Manufacturers Association 


R. EB. KrnKrap 


FOREST FIRE PROTECTION 


Committee of National Fire Protection 
Association 


C. B. WHITE 


GEAR LUBRICANTS 


Committee of American Gear Manufac- 
turers Association 


G. B. Karevirz 


LOADING PLATFORMS AT FREIGHT 
TERMINALS AND WAREHOUSES 


* Sponsor body: American Trucking 
Association 


M. C. Maxwetu 


MANHOLE FRAMES AND COVERS 


* Sponsor bodies: A.S.A. Telephone Group 
and American Society of Oivil Engineers 


ANTON HANSEN 
Homer RupPARD 
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MECHANICAL STANDARDS 
COMMITTEE 
American Standards Association Committee 


AEFRED InpLes, Chairman 
(A. lL. Baxer, Alternate) 
F. O. Hoaguanp 
F. H. Morenrap 
(A. M. Houser, Alternate) 
H. H. Morean 
Epwin B. Rickrerts 
FRANK O. HoagLanp 
(J. C. Frrrs, Alternate) 
(H. L. Wirrremore, Alternate) 


Bxecutive Committee, ALFRED IDDLES 


METHODS OF TESTING WOOD 


“ Sponsor bodies: U.S. Forest Service and 
the American Society for Testing Materials 


C. M. Birartow 


MISCELLANEOUS OUTSIDE COAL- 
HANDLING EQUIPMENT 


* Sponsor body: American Mining Congress 
(To be appointed) 


PETROLEUM PRODUCTS AND 
LUBRICANTS 


* Sponsor body: American Society for 
Testing Materials 


R. G. N. Evans 

G. B. Karerirz 
(H. J. Masson, Alternate) 
(S. J. Negps, Alternate) 


PREFERRED NUMBERS 
* Special Committee of A.S.A. 
K. H. Conprr 


RATING OF RIVERS 
* Sponsor body: U.S. Geological Survey 
D. W. Mean 


ROTATING ELECTRICAL MACHINERY 


* Sponsor bodies: American Institute of 
Electrical Engineers and National Hlectri- 
cal Manufacturers Association 


CoNSTANTINE Rick 
(C. A. Bootu, Alternate) 


SPECIFICATIONS FOR CAST IRON 
PIPE AND SPECIAL CASTINGS 


* Sponsor bodies: American Gas Associa- 

tion, American Society for Testing Ma- 

terials, American Water Works Associa- 

tion, and the New England Water Works 
Association 


J. KE. Gipson 
L. R. Howson 


SPECIFICATIONS FOR CLEAN 
BITUMINOUS COAL 


* Sponsor body: American Institute of Min- 
ing and Metallurgical Engineers 


R. A. SHERMAN 
(KE. L. Linpseru, Alternate) 


SPECIFICATIONS FOR FIRE TESTS 
OF BUILDING CONSTRUCTION 
AND MATERIALS 


* Sponsor bodies: A.S.A. Fire Protection 
Group, National Bureau of Standards, and 
the American Society for Testing Materials 


R. C. Parterr 


SPECIFICATIONS FOR SIEVES FOR 
TESTING PURPOSES 


* Sponsor bodies: American Society for 
Testing Materials and National Bureau of 
Standards 


R. M. HarpGRrove 


THERMAL INSULATING MATERIALS 


Committee of American Society for Testing 
Materials 


R. H. Herman 


U.S. INTERDEPARTMENTAL COM- 
MITTEE ON SCREW THREADS 


EARLE BUCKINGHAM 
A. M. Houser 
VOLUME WATER HEATING 


Committee of American Gas Association 


Mark RrEseEK 


WIRE ROPE FOR MINES 
* Sponsor body: American Mining Congress 
J. L. Harrineron 


| 
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POWER TEST CODES COMMITTEES 


STANDING COMMITTEE 


Francis HopgKInson, Chairman (1944) 
_A. G. Curistin, Vice-Chairman (1941) 


Term expires 1941 


_ A. G. Curistis 
Pav DISERENS 
Gro. A. ORROK 
‘iL, A. QUAYLE 
; W. M. Ware 


Term expires 1942 


W. A. CARTER 
_ Harte Cooke 
)E. R. Fisa 
pH. B. OATLEY 
W. J. WOHLENBERG 


) Term expires 1948 


} Lovis ELiiorr 
G. A. Horne 
H. B. ReyNoLps 
P. W. Swain 
HE. N. Trompe 


Term expires 1944 


C. H. Berry 

Francois Hop¢KINson 
D. 8S. JAcoBus 

L. F. Moopy 

E. B. RIcKETTs 


Term expires 1945 


THEODORE BAUMEISTER, JR. 
P. H. Harvie 

B. V. E. NorDBERG 

Re dl. S. PIGOTT 

M. C. Stuart 


(1) GENERAL INSTRUCTIONS 


Appointed December, 1918 
Reorganized, 1939 


THEopoRE BAUMEISTER, JR., Chairman 
) Paut DIsERENs 

Henry KReISINGER 

A. R. MumrorpD 

R. H. SNYDER 

C. R. SopERBERG 

M. C. Sruart 

P. W. Swain 


(2) DEFINITIONS AND VALUES 


Appointed December, 1918 
Reorganized, 1936 


eles) 


.J. 8. Pieorr, Chairman 
. J. BRIGGS * 

. FE. Davipson 

L. KiMBALL 

S. MarKxs 

G. PHILO 

C. SMALLWOOD 

W. Swain 

. C. Woop 


PHS > a 


ArrioLe B6A, Par. 27: 
direction of the Council, have supervision 0 
with the A.S.M.E. Power Test Codes, including the interpretation of such codes. 
BS The first Standing Committee 
| revise and extend the Power Test Codes 1 
; mittees appointed to develop particular codes. This ork began im 188}. 


W. W. Lawrence, Junior Observer (1941) 
“H. H. Micuetson, Junior Observer (1942) 


(3) FUELS 
Appointed December, 1918 


7. J. WOHLENBERG, Ohairman 
. G. BAtLry 

. L. Boye 

. W. Brooks 
B. Face 

. M. Myers 

G. PHILO 

. S. Pore 

. B. RICKETTS 
M. Rocers 

. X. SCHMIDT 
NIcHOLAS STAHL 
E. N. TRUMP 


Boas 


Bee ay 2h 


(4) STATIONARY STEAM-GENERAT- 
ING UNITS 


Appointed December, 1918 


B. R. Fisu, Chairman 
A. D. BAILEY 

M. W. BENJAMIN 
B. J. Cross 
Martin Frisch 
P. H. Harvie 

R. M. HarperRove 
ALFRED IDDLES 

BE. L. LinpsetH 

BH. L. McDonaLp 
E. B. PoweLu 

R. SHELLENBERGER 
R. L. SPENCER 


(5) RECIPROCATING STEAM 
ENGINES 


Appointed December, 1918 
Reorganized, 1931 


A. G. Curistir, Chairman 
Harte Cooke 

K. S. M. Davipson 
Henrik GREGER 

J. A. HUNTER 

H. G. MuELLER 

B. V. E. NorDBERG 

A. V. SAHAROFF 

A. G. WITTING 


(6) STEAM TURBINES 
Appointed December, 1918 


_H. Burry, Chairman 

. E. Movuurror, Secretary 

. D. H. BENTLEY 
E 
B. 


= 


. CALDWELL 
CAMPBELL 

. G. CHRISTIE 

. P. DAHLSTRAND 

. M. Frost 

. E. GRUNERT 

RANCIS HopGKINSON 

. A. Moss 

. O. MULLER 

. E. PURCELL 

. B. WARREN 


l= (2) aie) 


Ref > <i > 


AHP 


The Standing Committee on Power Test Codes shall, under the 
£ all the activities of the Society in connection 


on Power Test Codes was organized in December, 1918, to 
ohich had been formulated by various technical com- 


(7) RECIPROCATING STEAM-DRIVEN 
DISPLACEMENT PUMPS 


Appointed December, 1918 


R. D. HAL, Chairman 
KE. H. Brown 
J 


M. B. MAcNEILLE 
D. 
L. A. QUAYLE 


(8) CENTRIFUGAL AND ROTARY 
PUMPS 
Appointed December, 1918 
Reorganized, 1936 
M. B. MacNEILLE, Chairman 
H. E. Beckwith 
R. L. DAUGHERTY 
R. G. Foitsom 
R. C. GLAZEBROOK 
W. B. GREGORY 


R. T. Knapp 

J. B. LIncoLn 
L. F. Moopy 
Arvip PETERSON 
F. H. Rogers 
Ww. C. Rupp 


Max SPILLMAN 
F. G. SWITZER 
W. M. WHITE 
I. A. WINTER 


(9) DISPLACEMENT COMPRESSORS 
AND BLOWERS 


Appointed December, 1918 
Reorganized 1935 


FAUL DISERENS, Chairman 
G. T. FeLvpeck 

C. R. HoucHtTon 

J. F. Huvane 

R. M. JoHNSON 

J. ¥. D. SmitH 


(10) CENTRIFUGAL AND TURBO- 
COMPRESSORS AND BLOWERS 


Appointed December, 1918 
Reorganized, 1929 


A. T. Brown, Chairman 
BH. L. ANDERSON 
TuroporE BAUMEISTER, JR. 
Cy A. Boorse 

W. H. Carrier 

THOMAS CHESTER 

L. BH. Day 

Z. G. DruTscH 

S. H. Downs 

P. E. Goop 

J. J. Gros 

H. F. HAacen 

Paut HorrMan 

H. D. KELSEY 

A. L. KIMBALL 

R. D. MaApiIson 

L. S. Marxs 

Arvid PETERSON 

H. F. Scumipt 

M. C. SruartT 
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(12) CONDENSERS, WATER HEAT- 
ING, AND COOLING EQUIPMENT 


Appointed December, 1918 


Gro. A. OrroK, Chairman 
P. H. Harpin, Secretary 
C. H. Baxer, Jr. 

R. N. ExRuArT 

J. F. GRACE 

D. W. R. Morgan 

H. B. RreyNnoips 

. E. ReyNoips 


tg 


(13) REFRIGERATING SYSTEMS 


Appointed December, 1918 
Reorganized May, 1939 


B. H. Jennines, Chairman + 
A. C. Burensop 
(R. W. WateRFILL, Alternate) 
J. C. ConsLey 
(H. B. Pownatt, Alternate) 
R. J. Ewer + 
WALTER JONES t 
A. W. OAKLEY 
C. L. Svenson 
FRANK ZUMBRO t 


(14) EVAPORATING APPARATUS 
Appointed December, 1918 


E. N. Trump, Chairman 
B. N. Bump 

HK. A. NEWHALL 

H. L. Parr 

L. C. Rogers 


(15) STEAM LOCOMOTIVES 
Appointed December, 1918 


E. C. Scumint, Chairman 
W. F. Kirset, Jr. 

H. B. Oaritey 

G. EH. Rwoaps 

L. K. Smtcox 

W. E. Wooparp 


(16) GAS PRODUCERS 
Appointed December, 1918 
C. D. Smira 


(17) INTERNAL-COMBUSTION 
ENGINES 
Appointed December, 1918 
Reorganized, 1939 


Lee SCHNEITTER, Chairman 
F. H. Durcurr, Secretary 
J. C. BARNABY 

G. C. Boyer 

Harte Cooke 


+ Official A.S.M.E. representatives serving 
on this committee. 
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H. E. Draurer 

W. L. H. Doyixr 
L. B. Jackson 

E. J. Kares 

E. C. MAcpEeBurGer 
B. V. EB. Norpsere 
RUSSELL PYLES 

M. J. Reep 

O. D. TREIBER 


(18) HYDRAULIC PRIME MOVERS 


Appointed December, 1918 
Reorganized, 1931 


S. L. Kerr, Chairman 
C. M. ALtLen 

L. M. Davis 

H. L. Doorrrrie 

W. F. DurAnp 

N. R. Gisson 

J. P. Growpon 

T. H. Hoge 

L. J. Hoover 

C. W. Hupparp 
E. C. Hurcuinson 
D. J. McCormack 
L. F. Moopy 

W. J. RHEINGANS 
E. B. Srrowcer 


(19) INSTRUMENTS AND APPARATUS 
Appointed December, 1918 


W. A. Carter, Chairman 
C. M. ALLEN 

W. C. ANDRAE 
E. G. Battery 

H. 8S. Bean 

L. J. Briees 

J. D. Davis 

K. J. Dr JUHASZ 
R. E. Ditton 

F. M. Farmer 

J. B. GRUMBEIN 
W. W. JoHNSON 
W. H. Kenerson 
E. S. Ler 

H. L. Linpsera 
OssBorn MoNNETT 
S. A. Moss 

R. J. S. Prgorr 
EH. B. Rickerts 
W. A. Stoan 

R. B. Smire 

I. M. Srey 


(20) SPEED, TEMPERATURE AND 
PRESSURE RESPONSIVE 
GOVERNORS 


Appointed December, 1921 
Reorganized February, 1940 
C. R. Soprerserc, Chairman 


R. J. CAuGHEY 
Harte Cooke 


W. L. H. Dorie 

S. L. Kerr 

A. F. ScHwEeNnDNER 
R. B. Smiru 


(21) DUST SEPARATING APPARATUS 
Appointed October, 1934 


M. D. Enctr, Chairman 
OLLISON Crate, Secretary 
A. D. Battry 

H. H. Buspar 

W. G. Curisry 

H. O. Crorr 

J. M. DALLAVALLE 

H. O. Danz 

H. C. DoHRMANN 
Puitre DRINKER 

J. W. FEHNEL 


J 

H. E. Macomber 
H. B. Meriter 

H. C. Murrny 
B. F. TILtson 


A.S.M.E. Representatives on 
Other Technical Committees 


See also A.S.M.E. Representatives on Other 
Activities, page RI-9 


DEVELOPMENT OF DEFINITIONS FOR 
THE NET CALORIFIC VALUE 
AND GROSS CALORIFIC 
VALUE OF FUELS 


Sponsor body: American Society for 
Testing Materials 


W. J. WoHLENBERG 


COMMITTEE ON REDEFINING So- 
CALLED STANDARD TON OF 
REFRIGERATION 


Sponsor body: American Society of 
Refrigerating Engineers 


G. B. Brieur 


COMMITTEE ON GASEOUS FUELS 


Sponsor body: American Society for 
Testing Materials 


E. X. Scumipt 


COAL TESTING CODE COMMITTEE 
Joint sponsorship with the American 
Institute of Mining and 
Metallurgical Engineers 
A. R. Mumrorp 


STANDING COMMITTEE 
F. Haren, Chairman (1941) 
. Luce (1942) 


Hovenron (1944) 
GRANNISS (1945) 


oie 

A. W 

\A. E. Winnie (1943) 
i, Ce 

HE. R. 


_ SAFPETY CODE FOR ELEVATORS (A17) 


* Joint Sponsorship with the American 
Institute of Architects and the National 
Bureau of Standards. Sectional Committee 
organized November, 1922 
Reorganized July, 1940 
A.S.M.E. Members (Total personnel, 45) 


QO. P. Cummines, Vice-Chairman 
iC. R. CALLAWAY 

D. L. Horsroox + 

D. L. LinpQuist 

N. O. Linpsrrom + 


' M. B. McLAuTHnLiIn 


W. 8. PAINE 


SUBCOM MITTEE CHAIRMEN 


Emergency Elevator Rules, D. J. PURINTON 

Executive Committee, D. J. PURINTON 

Pxisting Elevators, D. J. PURINTON 

Inspectors’ Manual, K. A. CoLAHAN 

Mechanical Safety Equipment, D. L. Linp- 
Quist 

Ways and Means, J. J. Marson 

Wire Rope, D. J. PurINTON 

Working (to be appointed) 


SAFBTY CODE FOR MECHANICAL 
POWER-TRANSMISSION APPA- 
RATUS (B15) 


* Joint sponsorship with the International 
Association of Industrial Accident Boards 
and Commissions and the National Oonser- 
vation Bureau. Sectional Committee organ- 
ized February, 1921 


A.S.M.E. Members (Total personnel, 26) 


G. M. Naytor, Chairman + 

P. G. Rwoans, Secretary 

D. C. WricHt } 

(G. N. VAN Deruoer, Alternate) + 


SUBCOMMITTEE CITAIRMEN 


on Detail Classification of Belts (to 
be appointed) 

on Modification of Rule 223 for Cone 
Pulley Belts (to be appointed) 

on Mechanical Power Control, W. S. 
PAINE 

on Use of ASA Code Versus State 
Codes (to be appointed) 

on Statistics on Place of Occurrence 
of Accidents (to be appointed) 

No. 6 on V-Belt Drives, D. C. WRIGHT 


*Note: All of the safety committees 
for which the Society is sponsor or joint 
sponsor, or on which it has representation, 
are organized under the procedure of the 
American Standards Association. 

+ Official A.S.M.E. representative serving 
on this committee. 
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SAFETY COMMITTEES 


SAFETY CODE ON COMPRESSED 
AIR MACHINERY AND EQUIP- 
MENT (B19) 


* Joint sponsorship with the American So- 

ciety of Safety Hngineers—Engineering Sec- 

tion, National Safety Council. Sectional 
Committee organized May, 1923 


ASM.E. Members (Total personnel, 24) 


D. L. Royer, Chairman 
H. D. Epywarps 
W. J. GRAVES 


SAFETY CODE FOR CONVEYORS AND 
CONVEYING MACHINERY (B20) 


* Joint Sponsorship with the National Con- 

servation Bureau. Sectional Committee or- 

ganized November, 1925, Reorgan ized, April 
1937 


A.S.M.E. Members (Total personnel, 53) 


D. L. Royer, Chairman 
Cy Mb, Coisigave 
W. J. Graves 
M. A. KenDALL t 
(N. W. Exmer, Alternate) + 
P. T. ONDERDONK 
CO, G. PrEeIFrer 
R. B. RENNER 
F. J. Sueparp, JR. 
J. G. WHEATLEY 


~ 


SUBCOMMITTEE CHAIRMEN 


No. 1 on All Types of Chain Conveyors, 
Belt Conveyors, Belt Elevators In- 
cluding Steel Belt, and Screw, Track 
or Seraper Conveyors, C. G. PFEIFFER 
on Gravity Conveyors and Chutes, 
Live Roll Conveyors, H. G. DaLton 
on Cable-Operated and Cable Flight 
Conveyors and Cableways, R. McA. 
Krown 

on Air, Steam, or Liquid Conveyors, 
J. J. MoNvuLra 

on Tiering, Piling, and Stacking Con- 
veyors, J. G. WHEATLEY 


SAFETY CODE FOR CRANES, DER- 
RICKS, AND HOISTS (B30) 


* Joint sponsorship with U.S. Navy Depart- 
ment, Bureau of Yards and Docks. Sectional 
Committee organized November, 1926 


A.S.M.E. Members (Total personnel, 57) 


Lewis Price + 

F. H. ScHwerin 
R. H. Warire t+ 

H. L. WHITTEMORE 


SUBCOMMITTEE CHAIRMEN 


Executive Committee, J. C. WHEAT 

No. 1 on Overhead and Gantry Cranes, R. 
H. WHITE 

on Locomotive and Tractor Cranes, 
H. H. VeERNoN 

on Derricks and Hoists, Lewis Price 
on Miscellaneous Equipment for 
Cranes and Hoists, L. W. Hopkins 
No. 5 on Jacks, E. W. CARUTHERS 

Editing Committee, M. G. Fioyp 


No. 2 


No. 3 
No. 4 
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ARTIOLE BGA, Par. 25: The Standing Committee on Safety shall advise the Council on the 
activities of the Society having to do with engineering and industrial safety, except the 
aetivities of the Boiler Code Committee, for which special provision is made. 


The first Standing Committee on Safety was appointed in October, 1921. 


A.S.M.E. Representatives on 
Other Safety Committees 


See also A.S.M.E. Representatives on Other 
Activities, page RI-9 


SAFETY CODE FOR ABRASIVE 
WHEELS 
* Sponsor bodies: Grinding Wheel Manu- 
facturers Association of United States and 
Canada,and International Association of In- 
dustrial Accident Boards and Commissions 


J. B. CHALMERS 


SAFETY CODE FOR CONSTRUCTION 
WORK 

* Sponsor bodies: American Institute of 

Architects and National Safety Council 


GH. O-Neit 


COOPERATION WITH OTHER ENGI- 
NEERING SOCIETIES 
Committee of American Society of Safety 
Bngineers—Engineering Section, National 
Safety Council 


H. L. MinrEr 


ASA SAFETY CODE CORRELATING 
COMMITTEE 
A. W. Luce 
(A. EH. WINDLE, Alternate) 


SAFETY CODE FOR EXHAUST 
SYSTEMS 


* Sponsor body: International Association 
of Industrial Accident Boards and Com- 
missions 


“Ds INS WRN reE 


SAFETY CODE FOR FLOOR AND 
WALL OPENINGS, RATLINGS, 
AND TOE BOARDS 


* Sponsor body: National Safety Council 


A. EK. WINDLE 
SAFETY CODE FOR FORGING AND 
HOT METAL STAMPING 


* Sponsor bodies: American Drop Forging 
Institute and National Safety Council 


(Coen AR Te 


SAFETY CODE ON COLORS FOR 
IDENTIFICATION OF GAS 
MASK CANISTERS 


* Sponsor body: National Safety Council 
Ti Cy Tnerry 


SAFETY CODE FOR LADDERS 


* Sponsor body: American Society of Safety 
Engineers—Engineering Section, National 
Safety Council 


H. C. HoucutTon 
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SAFETY CODE FOR LAUNDRY 
MACHINERY AND 
OPERATION 
* Sponsor bodies: American Institute of 
Laundering, International Association of 
Governmental Labor Officials, and National 
Association of Mutual Casualty Companies 


E. J. CARROLL 


SAFETY CODE FOR LIGHTING FAC- 
TORIES, MILLS, AND OTHER 
WORK PLACES 
Illuminating Engineering 
Society 
A. W. Liucr 


* Sponsor body: 


LOW VOLTAGE ELECTRICAL 
HAZARDS 


Special Committee of the American Nociety 
of Safety Hngineers—Engineering Section, 
National Safety Oouncil 


J. P. JACKSON 


SAFETY CODE FOR MECHANICAL 
REFRIGERATION 


*Sponsor body: American Society of 
Refrigerating Engineers 


O. A. ANDERSON 
Crospy FIetp 
EK. W. GALLENKAMP 
W. F. Jones 
(A. W. OaKtey, Alternate to all A.S.M.E. 
Representatives) 
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SAFETY CODE FOR PAPER AND 
PULP MILLS 


* Sponsor body: National Safety Council 
R. L. WrEtpon 


SAFETY CODE FOR POWER PRESSES, 
AND FOOT AND HAND PRESSES 


* Sponsor body: National Safety Council 


J. B. CHALMERS 


SAFETY CODE FOR PREVENTION 
OF DUST EXPLOSIONS 


* Sponsor bodies: National Fire Protection 
Association and U.S. Department of Agri- 
culture 


R. M. Ferry 


SAFETY CODE FOR PROTECTION OF 
HEADS, EYES, AND RESPIRA- 
TORY ORGANS OF INDUS- 
TRIAL WORKERS 


* Sponsor body: National Bureau of 
Standards 


T. A. WALSH, JR. 
(T. F. Haron, Alternate) 


SAFETY CODE FOR PROTECTION OF 
INDUSTRIAL WORKERS IN 
FOUNDRIES 


* Sponsor bodies: American Foundrymen’s 
Association and National Founders Asso- 
ciation 


H. M. Lane 


SAFETY CODE FOR RUBBER 
MACHINERY 
* Sponsor bodies: National Safety Council 
and International Association of Industrial 
Accident Boards and Commissions 


E. §. Aur 


SAFETY IN QUARRY OPERATIONS 
* Sponsor body: National Safety Council } 


REDFIELD PRocTOR 
(H. A. Cotiin, Alternate) 


SPECIFICATIONS AND METHOD OF 
TEST FOR SAFETY GLASS 


* Sponsor bodies: National Conservation 
Bureaw and National Bureau of Standards 


T. A. WALSH, JR. 


SAFETY CODE FOR TEXTILES 
* Sponsor body: National Safety Council 
M. A. Gorrick, JR. 


SAFETY CODE FOR VENTILATION 
* Sponsor body: American Society of Heat- 
ing and Ventilating Hngineers 
T. F. HatcH 


SAFETY CODE FOR WALKWAY 
SURFACES 
* Sponsor bodies: American Institute of 
Architects and American Society of Safety 
Engineers—Hngineering Section, National 
Safety Council 


G. K. Pauscrove 


SAFETY CODE FOR WORK IN 
COMPRESSED AIR 


* Sponsor body: International Association 
of Industrial Accident Boards and Com- 
missions 


L. J. Eresen 


_ 
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Artictr BGA, Par. 26: The Special Committee on Boiler Code shall, under the direction 


of the Council, have supervision of all the activities of the Society in connection with the 


A.S.M.E. Codes for Pressure Vessels, including the interpretations of these codes. 


SPECIAL COMMITTEE 


ii), S. Jacosus, Chairman 
i. R. Fisu, Vice-Chairman 
“|. W. Osert, Honorary Secretary 
UL. Jurist, Acting Secretary 
} A. ADAMS 
a EH, ALpRicH 
d. C. BoARDMAN 
>ERRY CASSIDY 
Ry Hi. CECrIL 
7, S. Crark 
A. J. KLyY 
e M. Frost 
. EK. Gorton 
i‘ M. GREENE, JR. 
a G. Humpron 
i 


‘i. E. MovuLrroPp 
-). O. MYERS 

o4,. B. OATLEY 
AMES PARTINGTON 


\ HV ALTER SAMANS 


. K. VARNES 
. C. WEIGEL 
Honorary Members 

iW. H. BoruM 
\W. F. DuRAND 
TT. E. DurBan 
iC. L. Huston 
‘W. F. Keser, JR. 
M. F. Moore 


H. H. VAuGHAN 
H. LeRoy WHITNEY 


CONFERENCE COMMITTEE 


‘W. BE. Auten, St. Louis, Mo. 
-T. R. Arcuer, Delaware 
L. M. Barrincer, Seattle, Wash. 
J. G. Boxtxock, St. Joseph, Mo. 
pB.. M. Boox, Pennsylvania 
-H. S. Brunson, Minnesota 
RB. S. Carrenter, Rhode Island 
“L. M. Cave, Maryland 
S. CuerRIneTon, Ohio 
‘Ciry Borer  Lyspecror, 
| W. Va. 
D. J. Copy, Kansas City, Mo. 
A. L. Corpy, Louisiana 
\‘. J. Conway, Indiana 
. A. Epnear, Wisconsin 
‘©. W. Foster, Omaha, Neb. 
M. R. Francis, West Virginia 
W. H. Furman, New York 
F. D. Garvin, Houston, Tex. 
GeRALD GEARON, Chicago, III. 
C. H. Gram, Oregon 
B. GrerzKE, Washington 
¥. A. Hecxincer, Memphis, Tenn. 
H. K. Kuget, District of Columbia 
Jor Kunscuik, Texas 
P. N. LenoozKy, Ohio 
G. A. Luck, Massachusetts 
C. BE. McGuynis, Los Angeles, Calif. 
H. H. Mutts, Detroit, Mich. 


Parkersburg, 


J. D. Newcoms, Jr., Arkansas 
W. L. Newton, Oklahoma 


F. A. Pace, California 
L. C. Prat, Nashville, 
E. K. Sawyer, Maine 
A. H. SoHLEMAN, Tampa, Fla. 
J. F. Scorr, New Jersey 


Tenn. 


J. N. Sercer, Evanston, Ill. 

J. A. Srrarr, Tulsa, Okla. 

C. 1. Smiru, Utah 

Wo. E. Smiru, Hawaiian Islands 
Joun H. TuHorper, Michigan 

C. E. Warp, North Carolina 


EXECUTIVE COMMITTEE 


S. Jacobus, Chairman 

KE. Atpricu, Vice-Chairman 
R. Fis 

M. Frost 

E. Gorton 

W. OBERT 

JAMES PARTINGTON 


elon Te) 


SUBCOMMITTEES 
BorLers OF LOCOMOTIVES 


JAMES PARTINGTON, Chairman 
¥. H. Crark 

J. MM. HALL 

H. B. OATLEY 


Care or SteaM BOILERS AND OTHER 
PRESSURE VESSELS IN SERVICE 


¥. M. Gisson, Chairman 
D. C. CARMICHAEL 
V. M. Frost 

dk, IR, Gana, 

FrankK HENRY 

J. A. HUNTER 

H. J. Kerr 

P. B. PLAce 

8S. T. PowrLi 

C. W. Rice 

J. B. RoMER 

W. C. SCHROEDER 
NicHoLas STAHL 
F. G. STRAUB 


Frrrous MATERIALS 


D. B. RossHEIM, Chairman 
A. B. BAGSAR 

H. C. CHAPMAN 
A. J. E1y 

H. J. FRENCH 

W. R. Grunow 
M. B. Hiaeins 

W. G. HumptTon 
A. HurRTGEN 

T. McLean JASPER 
J. J. KANTER 


H. J. Kerr 

A. B. KINzEL 

L. J. MAson 

P. B. McKiNNEY 
N. L. MocHe. 
E. L. Roprnson 
S. K. VARNES 

A, E. WHITE 

R. WIiLson 


Heating BOILers 


GC. E. Gorron, Acting Chairman 
C. E. BRoNsON 

J. A. Darts 

Wm. FERGUSON 

L. N. HUNTER 

W. E. STARK 

J. W. TURNER 


The first Special Committee on Boiler Code was organized in September, 1911. 


MATERIAL SPECIFICATIONS 


Perry Cassipy, Chairman 
A. M. GREENE, JR. 

W. G. Humpron 

J. O. LercuH 

Po J. SMITEy 

A. C. WEIGEL 


MINIATURE BOILERS 


CG. I. Gorton, Chairman 
W. H. FurRMAN 

G. A. Luck 

C. W. OBERT 


NONFERROUS MATERIALS 


H. B. Oariry, Chairman 
Je dn Awa 

W. F. BURCHFIELD 

D. K. CramMpron 

J. R. FREEMAN, JR. 

A. M. Houser 

E. F. MiILier 

JosrpH PRICE 

R. L. TEMPLIN 


Power BorLers 


H. E. Aupricu, Chairman 
Perry CAssiIpy 

KH. R. Fis 

V. M. Frost 

D. L. Royer 

A. C, WEIGEL 


Ru.Les FOR INSPECTION 


(This subcommittee is being reorganized) 


SpecIAL DESIGN 


D. B. WesstroM, Chairman 

H. C. BoarDMAN 

R. E. Cec 

T. W. GREENE 

D. B. RossHEIM 

E. O. WATERS 

F. 8. G. WILLIAMS 

UNFIRED PRESSURE VESSELS 

E. R. Fisu, Chairman 

C. A. ADAMS 

C. E. Bronson 

R. E, Cron 

PauL DISERENS 

H. S. Smiru 

D. B. WrEsSTROM 
WELDING 

Members of A.S.M.E. Boiler Code 

Committee 


JAMES PARTINGTON, Chairman 
EK. C. CHAPMAN 

J. H. DEPPELER 

W. D. HALsEY 

J. C. Hope: 

R. K. Hopkins 

J, Tt Primes 

L. A. SHELDON 
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Members of Conference Committee of 
American Welding Society 


C. W. Opert, Chairman 
C. A. ADAMS 
H. C. BoARDMAN 
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ISSUANCE oF Copr SyMBoL STAMPS 
C. O. Myers, Chairman 


RADIOGRAPHIC EXAMINATION OF WELDED 
JOINTS 


SAFETY VALVE REQUIREMENTS 
H® B. Oartey, Chairman 


Work or Borer Conk CoM MITTEE 


WALTER SAMANS 
A. C. WEIGEL 


Revision or Section VIII or tHE A.S.M.E. 
Borer Copr 


SPECIAL COMMITTEES 
ApprovaAL oF Nrw MATERIALS 
C. A. ApAms, Ohairman 


CLAD VESSELS D. B. Wresstrom, Chairman R. HE. Crom 


S. K. Varnes, Chairman 
SPECIAL COMMITTEE ON COORDINATION 


V. M. Frost, Chairman 


EXTENSION OF FusIoN WELDING 
REQUIREMENTS 


H. E. Atprrcu, Chairman 


FEEDWATER 
C. W. Ricn, Chairman 


THE WOMAN’S AUXILIARY TO THE A.S.M.E. 


The Woman’s Auxiliary to the A.S.M.E. was organized on May 10, 1923, and its Constitu- 
tion and By-Laws was approved by the Council of the A.S.M.E. on October 27, 1924. The 
objects of the Auxiliary are to render service to all that pertains to the interest of the pro- 
fession of mechanical engineering; to cooperate with any committees of the A.S.M.E.; and 
to assist the sons and daughters of the members of the Society or worthy students of 
mechanical engineering in obtaining scholarships; and to promote any other objects con- 
sistent with the aims or objects of the A.S.M.E. 


OFFICERS 


President, Mrs. F. M. Grsson 
First Vice-President, Mrs. E. C. M. Srani 
Second Vice-President, Mrs. A. R. CuLLimore 
Third Vice-President, Mrs. Crospy FIeLp 
Fourth Vice-President, Mrs. J. PAgk HAarBeson 
Fifth Vice-President, Mrs. J. H. Herron 
Recording Secretary, Mrs. C. H. Youna 
Corresponding Secretary, Mrs. C. H. Fay 
Treasurer, Mrs. A. H. Morgan 


STANDING COMMITTEE CHAIRMEN 


Education, Mrs. Roy V. WricHt 
Membership, Mrs. G. E. HAGEMANN 
Publicity, Mrs. A. R. CuLLIMoRE 
Custodian, Miss Burrie Haar 


COUNCIL REPRESENTATIVES 
A. G. CHRISTIE 
J. H. Herron 
OFFICERS OF LOCAL SECTIONS 
BALTIMORE 


Chairman, Mrs. D. E. Donovan 
Vice-Chairman, Mrs. A. G. Curisrir 
Secretary, Mrs. J. H. BerryMAN 
Treasurer, Mrs. L. F. Corrin 


C, A, ApAMS, Chairman 


Hh. R. Fisu, Chairman 


RuLes ror Boitrep FLANGED CONNECTIONS 


Ruies ror Disuep Heaps D. 8. Jacosus 


H. C. BoarpMAN, Chairman 


RULES FOR OPENINGS 
T. D. Tirrr, Chairman 


H. E. Atpricn, Chairman 


API-ASME COMMITTEE ON UNFIREY 
PRESSURE VESSELS { 


WALTER SAMANS, Chairman 
AS.M.E. Representatives 


i. R. Fis 


T. McLean JASPER 
JAMES PARTINGTON 


A.P.I. Representatives 


A. J. Ey 
K. V. Kine 
(P. D. McELrisu, Alternate) 
R. C. PowELu 
WALTER SAMANS 
T. D. Tirrr 


CLEVELAND 


Chairman, Mrs. T. F. Girnens 
Vice-Chairman, Mrs. J. H. Herron 
Secretary, Mrs. Ernest HAvILLon 
Treasurer, Mrs. WALTER BAGGALEY 


Los ANGELES 


Chairman, Mrs. S. S. HANSEN 
Secretary, Mrs. J. C. ScULLIN 
Treasurer, Mrs. BrerNArD ToBEN 


METROPOLITAN 


Chairman, Mrs. E. C. M. STanyu 
First Vice-President, Mrs. J. Nopte LANpDIS 
Second Vice-President, Mrs. R. B. Purpy 
Third Vice-President, Mrs. WEBSTER TALLMADGE 
Recording Secretary, Mrs. C. H. Younae 
Corresponding Secretary, Mrs. A. C. Coonrapt 
Treasurer, Mrs. C, E. Gus 


PHILADELPHIA 


Chairman, Mrs. J. Page HArprson, Jr. 
Vice-Chairman, Mrs. E. F. Zre1ner 
Recording Secretary, Mrs. J. J. MoCartuy 
Corresponding Secretary, Mrs. F. E. WasHpurn 
Treasurer, Mrs. W. F. Grimm 


The following paragraphs deal with the medals, awards, scholar- 
‘ips, and loan funds which come within the jurisdiction of the 
S.M.E. Other awards available to Student Members are listed 
°; Mechanical Engineering, February, 1938, page 183. The Society 
‘|so participates with other engineering societies in a number of 


sint awards. Further details concerning all the awards will be 


yund in a series of articles beginning in the October, 1938, issue 


“{ Mechanical Engineering. 


Honorary Membership, to which persons of acknowledged protes- 
}ional eminence are elected by unanimous vote of Council under the 
rovisions of the By-Laws and Rules. A list of honorary members 
's given on page RI-42. 

Life Membership, which may be conferred by the Council for 
listinguished service to the Society; or secured by a member by 
Sjyayment for an annuity in accordance with the provisions of the 
By-Laws. 

}) A.S.M.E. Medal, established by the Society in 1920 to be pre- 
sented, together with an engraved certificate, for distinguished 
-service in engineering and science. May be awarded for general 


service in science having possible application in engineering. 


Holley Medal, instituted and endowed in 1924 by George I. Rock- 
‘wood, Past Vice-President of the Society, to be bestowed, together 
with an engraved certificate, for some great and unique act of 
-genius of engineering nature that has accomplished a great and 
‘timely public benefit. 


Worcester Reed Warner Medal, provision for which was made 
“in the will of Worcester Reed Warner, Honorary Member of the 
“Society, is a gold medal to be bestowed, together with an en- 
_ graved certificate, on the author of the most worthy paper received, 
dealing with progressive ideas in mechanical engineering or effi- 
ciency in management. 


Melville Medal, established in 1914 by the bequest of Rear- 
Admiral George W. Melville, Honorary Member and Past-Presi- 


| dent of the Society, to be presented, together with an engraved 
' certificate, 


for an original paper or thesis of exceptional merit, 
for discussion and publication, to encour- 


presented to the Society 
The medal may be presented annually. 


age excellence in papers. 


Spirit of St. Louis Medal, established by an endowment fund 
ereated in 1929 by citizens of St. Louis, Mo., to be awarded for 
meritorious service in the advancement of aeronautics. This medal 
will be awarded at the discretion of the Council of the Society at 
approximately three-year periods upon the recommendation of its 
Board of Honors and Awards. 


Pi Tau Sigma Medal Award, established in 1938, endowed by 
Pi Tau Sigma, the national honorary mechanical engineering 
fraternity, to be presented annually, together with an engraved 
certificate, to the young mechanical engineer for outstanding 
achievement in his profession within the ten years after graduation 
from a regular four-year mechanical engineering course of a 

recognized American college or university. Any mechanical engi- 
neering graduate, not more 


than thirty-five years of age, whose 
achievement has been all or in part in any field including indus- 
trial, educational, political, research, civic, etc., 1s eligible. 
Junior Award, annual cash award of $50, established in 1914, 
from a fund created by Henry Hess, Past Vice-President of the 
Society, to be presented, together with an engraved certificate, for 
the best paper or thesis submitted by a Junior Member. 


tharles T. Main Award, annual cash award of $150, established 
in 1919 from a fund created by Charles T. Main, Past-President 
of the Society, to be awarded, together with an engraved certifi- 
cate, to a Student Member of the Society, for the best paper within 
the general subject of the influence of the profession upon public 
life. The exact subject is assigned by the Board of Honors and 
Awards, subject to the approval of the Council, and is announced 
each year through the Honorary Chairman of the Student 
Branches. 


Student Awards, two annual cash awards of $25 each, established 
in 1914, from a fund created by Henry Hess, Past Vice-President 
of the Society, to be presented, together with engraved certificates, 
for the best papers or theses submitted by Student Members. The 
awards for 1932 and subsequent years have been given, one for 


undergraduate and the other for postgraduate work. 
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AWARDS 
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SCHOLARSHIPS AND LOAN FUNDS 


Max Toltz: Loan Fund of $15,000 established by Major Max 
Toltz, former member of the Council of the Society, the income to 
be used for assistance to Student Members. 

John R. Freeman: Fund of $25,000 established in 1926 by John 
R. Freeman, Past-President of the Society, the income to be used 
for travel scholarships and research. 

Womans Auviliary: Scholarship or Fellowship offered by the 
Woman’s Auxiliary to the Society to assist sons and daughters of 
members or worthy students of mechanical engineering. 


RECIPIENTS OF AWARDS 


The names of the recipients of the different awards to date are 
given in the following lists, together with the dates of presenta- 
tion, and the services or papers for which the awards were made. 
There were no awards for the years not listed. 


A.S.M.E. Mepau 


1921 HygAtmar GorrrIeD CARLSON, in recognition of the services 
rendered the Government because of his invention and part 
in the production of 20,000,000 Mark III drawn steel booster 
casings used principally as a component of 75-mm_ high 
explosive shells, but also used extensively in gas shells and 
bombs 

Frepertck ArtHurR Hatsey, for his paper describing the 
premium system of wage payments presented before the 
Society at the Providence Meeting in 1891, as the adoption 
of the methods there proposed has had a profound effect 
toward harmonizing the relations of worker and employer 
Joun Rietey Freeman, for his eminent service in engi- 
neering and manufacturing by his meritorious work in fire 
prevention and the preservation of property 

R. A. MILLrKAN, in recognition of his contributions to 
science and engineering 

Wiutrrep Lewis, for his contributions to the design and con- 
struction of gear teeth 

JULIAN Kennepy, for his services and contributions to the 
jron and steel industry 

Witttam LeRoy Emmet, for his contributions in the de- 
velopment of the steam turbine, electric propulsion of ships, 
and other power-generating apparatus 
Apert Krnessury, for his research and 
in the field of lubrication 

Amsrose Swaseky, for his contributions to the advancement 
of the engineering profession and for his part in the develop- 
ment of the turret lathe and the astronomical telescope 
Wiis H. Carrier, in recognition of his research and de- 
velopment work in air-conditioning 

Cuartes T. Matin, for distinguished achievements in the 
textile and other industries, in engineering education, and 
for eminent service to the engineering profession 

Epwarp Bauscu, for meritorious mechanical developments 
in the field of optics 

Epwarp P. Burvarb, for outstanding leadership in the de- 
velopment of station-type machine tools 

SrepHeNn J. Picorr, for outstanding leadership in marine 
propulsion and construction 

James BE. Gunason, for service 4 the cause of safer and 
better transportation 
Cuartes F, KEeErrerine, 
research. 


development work 


for outstanding inventions and 


Houtitey MEpDAL 


HiyALMAR GOTFRIED CARLSON, for his inventions and proc- 
esses which made possible the timely production of drawn 
steel booster casings for artillery ammunition, thereby aid- 
ing victory in the World War (diploma in recognition of 
achievements presented in 1921) 

Biacer AmBROsE Sperry, for achievements and inventions 
that have advanced the naval arts, including the gyroscope 
that has freed navigation from the dangers of the fluctu- 
ating magnetic compass 

Baron Cuuzasuro Sura, for his contributions to knowl- 
edge through fundamental research, including the field of 
aerodynamics, by the development of ultra-rapid kinemato- 
graphic methods. 


1927 


1929 
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1934 


1936 


1937 


1938 
1939 
1940 


1933 


1934 


1935 


1936 


1937 


1938 


1939 


1940 


1927 
1929 
1930 


1931 


1932 
1933 


1935 
1936 


1937 
1938 
1939 
1940 


1929 
1932 
1935 


1938 
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Irvine LANGMUIR, for his contributions to science and engi- 
neering, including the development of gas-filled incandescent 
lamps, thoriated filament for thermionic emission, atomic 
hydrogen welding, phase control operation of the thyratron 
tube, and fundamental research in oil films 

Henry Forp, for revolutionary influence through invention 
and practice on transportation and on mass production 
methods in manufacturing 

Freperick G. CoTrreLt, for preeminent public service—the 
invention of electric precipitation—advancement of the sci- 
ence of gas liquefaction—gifts for engineering research 
Francis HopeKinson, for meritorious services in the devel- 
opment of the steam turbine 

Cart E. JOHANSSON, in recognition of his pioneer work in 
the development of basic measuring gages 

Epwin Howarp Armstrong, for his leadership in the field 
of radio communication. 


WorCESTER REED WARNER MEDAL 


Dexter S. Krmpatt, for his contributions to efficiency in 
management as exemplified by his recently revised “Prin- 
ciples of Industrial Organization” and by his many articles, 
engineering society papers, and public addresses 

Raupu FE. FLANpeERS, for his contributions to a better under- 
standing of the relationship of the engineer to economic 
problems and social trends as exemplified by the many 
papers which he has presented 

STEPHEN TIMOSHENKO, for his contributions to the theory 
of the design of elastic structures and the treatment of 
dynamics of moving machinery 

CyHarLtes M. ALLEN, for his early and continued hydraulic 
laboratory work and for the permanent value of the papers 
on his development of methods of testing large hydraulic 
turbine installations 

CLARENCE I’, HirSHFELD, for his research and contributions 
to the theory and practice of heat-power engineering as 
exemplified by books and papers 

Lawrorp H. Fry, for contributions relating to improved 
locomotive boiler design and utilization of better materials 
in railway equipment 

Rupen Exsrereian, for influential papers of permanent value 
in A.S.M.E. Transactions 

WILLIAM BENJAMIN GREGORY, for distinguished work in 
hydraulic engineering, which has been the basis for many 
engineering papers. 


MELVILLE MEDAL 


Leon P. Avrorb, “Laws of Manufacturing Management” 
JoserH W. Ror, “Principles of Jig and Fixture Practice” 
HerMAN Diepericus and WititrAM D. Pomeroy, “The Oc- 
currence and Elimination of Surge or Oscillating Pressure 
in Discharge Lines 'rom Reciprocating Pumps” 

ArtHour EK. Grunert, “Comparative Performance of a Pul- 
verized-Coal-Fired Boiler Using Bin System and Unit Sys- 
tem of Firing” 

ALEXEY J. Srepanorr, “Leakage Loss and Axial Thrust in 
Centrifugal Pumps” 

Wit1iiAM KE. CaLpwe tt, “Characteristics of Large Hell Gate 
Direct-Fired Boiler Units” 

Oscar R. Wrxanper, “Draft-Gear Action in Long Trains” 
H. A. Stevens HowarrnH, “The Loading and Friction of 
Thrust and Journal, Bearings With Perfect Lubrication” 
Atrrep J. Bicut, “Supercharging of Internal-Combustion 
Engines With Blowers Driven by Exhaust-Gas Turbines” 
ALPHONSE I. Liprrz, “Air Resistance of Railroad Equip- 
ment” 

Luster M. Gorpsmirn, for his paper, “High-Pressure High- 
Temperature Turbine-Electric Steamship J. W. Van Dyke” 
Cart A. W. Branpt, for his paper, “The Locomotive Boiler.” 


Spirit or Saint Louis Mepau 


DANIEL GUGGENHEIM, founder of the Guggenheim Fund for 
the Promotion of Aeronauties 
Pau LircurteLp, for his work in encouraging and sponsor- 
ing airship design and construction in this country 
Witt Rogers, for his splendid, constructive, and unselfish 
work in the achievement of aviation, and the building up of 
public confidence in aviation through his articles in the press, 
over the radio, and from the speaker’s platform 
JAMES H. Dooxirrie, for meritorious service in the advance- 
ment of aeronautics. 
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Pr Tau Stema MEDAL 


Witrrip BE. Jonunson, for his development work in the field 
of refrigeration 
Joun I. YeLLorr, JR., in recognition of significant achieve- 
ments in steam-flow research and engineering education; also 
contributions on “Supersaturated Steam” and “Condensation 
of Flowing Steam in Diverging Nozzles” 

Grorcr A. HAWKINS, for significant achievements in high- 
pressure steam research and engineering education. 


JUNIOR AWARD 


Ernest O. Hicxstern, “Flow of Air Through Thin Plate } 


Orifices” 

L. M. McMixuan, “The Heat Insulating Properties of Com- 
mercial Steam-Pipe Coverings” 

E. D. WHALEN, “Properties of Airplane Fabrics” 

S. Logan Kerr, “Moody Ejector Turbine” 

R. H. Hettman, “Heat Losses From Bare and Covered 
Wrought-Iron Pipe at Temperatures up to 800 Degrees _ 
Fahrenheit” 
I. L. Katia, “Preliminary Report on the Investigation of 
the Thermal Conductivity of Liquids” 

S. S. Sanrorp and S. Crocker, “The Elasticity of Pipe 
Bends” 

R. H. Herman, “Heat Losses Through Insulating Material” 
Gitpert 8. ScHALLER, “An Investigation of Seattle as a 
Location for a Synthetic Foundry Industry” 

Wiuu1aM M. Frames, “Stresses Occurring in the Walls of an 
Elliptical Tank Subjected to Low Internal Pressure” 

M. D. ArsensteIn, “A New Method of Separating the Hy- 
draulic Losses in a Centrifugal Pump” 
ArTHUR M. Want, “Stresses in Heavy, 
Helical Springs” 

Ep Sincvair Smirn, “Quantity-Rate Fluid Meters” 

M. K. Drewry, “Radiant-Superheater Developments” 
Epmonp M. Wagener, “Frictional Resistance of a Cylinder 
Rotating in a Viscous Fluid Within a Coaxial Cylinder” 
TOWNSEND Tinker, “Surface Condenser Design and Operat- 
ing Characteristics” 

JouN I, YeLuorr, Jr., “Supersaturated Steam” 

Srantey J. Mrxina, “Effect of Skewing and Pole Spacing 
on Magnetic Noise in Electrical Machinery” 

Harwoop F. MuLiikan, Jr., “Evaluation of Effective Ra- 
diant Heating Surface and Application of the Stefan-Boltz- 
man Law to Heat Absorption in Boiler Furnaces” 
Lesuir J. Hoover, “American Hydraulic-Laboratory Prac- 
tice” 

ARTHUR C. Stern, “Separation and Emission of Cinders and 
Fly Ash” 

Roserr E. Newton, for his paper, “A Photoelastic Study 
of Stresses in Rotary Disks.” 


Closely Coiled 


CuHarites T. Marin Awarp 


CLEMENT R. Brown, Catholic University of America. Sub- 
ject: “The Influence of the Locomotive on the Unity of 
the United States” 

W. C. Saytor, Johns Hopkins University. Subject: “The 
Effect of the Cotton Gin Upon the History of the United 
States During Its First Seventy Years” 

No Award. Subject: “Scientific Management and Its Effect 
Upon the Industries” 

Rosert M. Meyer, Newark College of Engineering. Sub- 
ject: “Scientific Management and Its Effect Upon Manu- 
facturing” j 
No Award. Subject: “The Influence of Engineering on Farm 
Production” 

Jutes Popnossorr, Polytechnic Institute of Brooklyn. Sub- 
ject: “The Value of the Safety Movement in the Industries” 
Ropert E. Kuisz, University of Michigan. Subject: “Inter- 
changeability—Its Development and Significance in Indus- 
try” 

MARSHALL ANDERSON, University of Michigan. 
“Apprenticeship and Vocational Training” 
Grorge D. Wirxrnson, Jr., Newark College of Engineering 
Subject: “Progress in the Prevention of Smoke and Atmos- 
pheric Pollution” 

Purp P. Serr, Colorado State College. Subject: “Air Con- 
ditioning—Its Practicability and Relation to Public Wel- 
fare” 


Subject: 
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G. LoweLtt WuiiaMs, Lafayette College. Subject: “Co- 
ordinated Transportation—An Economic Comparison of 
Railroad, Bus, Truck, Water, and Air Transportation for 
Long and Short Haul” 

No Award. Subject: “Development in the Generation and 
Distribution of Power and Their Effect Upon the Consumer” 
ALLAN P. SteRN, Case School of Applied Science. Subject: 
“The Influence of the Introduction of Labor Saving Ma- 
chinery Upon Employment in the United States” 

Epwarp W. ConnoLty, University of Detroit. Subject: 
“Beonomic Limitations in Engineering Design, With Con- 
crete Examples” 

JAmes R. Bricut, Lehigh University. Subject: “The Eco- 
nomics of Investment in New Manufacturing Equipment— 
With Concrete Cases” 

FRANK DE Poup, Case School of Applied Science. Subject: 
“What Has Been the Effect of Technological Advance on 
Employment?” 


SrupENnT AWARD 


Boynton M. Green, Stanford University, “Bearing Lubri- 
cation” 

Howarp E. Srrvens, Rensselaer Polytechnic Institute, “An 
Investigation of the Dynamic Pressure on Submerged Flat 
Plates” 

M. Apam, Louisiana State University, “The Adaptability 
of the Internal Combustion Engine to Sugar Factories and 
Estates” 

H. R. HammMonp and C. W. Hoimeere, The Pennsylvania 
State College, “Study of Surface Resistance With Glass as 
the Transmission Medium” 

C. F. Len and F. G. Hampton, Stanford University, “An 
Experimental Investigation of Steel Belting” 

W. BE. Hevmick, Stanford University, “An Experimental 
Investigation of Steel Belting” 

Howarp G. Atuen, Cornell University, “Wire Stitching 
Through Paper” 

Kary H. Wuitn, University of Kansas, “Forces in Rotary 
Motors” 

Ricwarp H. Morris and Atsert J. R. Houston, University 
of California, “A Report Upon an Investigation of the Her- 
schel Type of Improved Weir” 

CHarues F. OLMsTEAD, University of Minnesota, “Oil Burn- 
ing for Domestic Heating” 

H. E. Doorirrie, University of California, “The Integrating 
Gate: A. Device for Gaging in Open Channels” 

Grorce Sruart CLarK, Stanford University, “Two Methods 
Used for the Determination of the Gasoline Content of Ab- 
sorption Oils in Absorption Plants” 

L. J. FRANKLIN and Cuartes H. Smiru, Stanford Univer- 
sity, “The Effect of Inaccuracy of Spacing on the Strength 
of Gear Teeth” 

Harry Pease Cox, JR., Rensselaer Polytechnic Institute, 
“A Study of the Effect of End Shape on the Towing Re- 
sistance of a Barge Model” 

W. S. Montcomery, JR., and HE. Ray ENpers, JR., Pennsyl- 
vania State College, “Some Attempts to Measure the Draw- 
ing Properties of Metals” 

R. B. Pererson, University of Illinois, “An Investigation of 
Stress Concentration by Means of Plaster of Paris Speci- 
mens” 

Croi, G. Hearp, University of Toronto, “Pressure Dis- 
tribution Over U.S.A. 27 Aerofoil With Square Wing Tips— 
Model Tests” 

Aurrep H. MarsHALL, Princeton University, “Byvaporative 
Cooling” 

Roger Irwin Epy, University of Washington, 
ment of the Angular Displacement of Flywheels” 
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CLARENCE C. FRANCK, Johns Hopkins University, “Condi- 
tion Curves and Reheat Factors for Steam Turbines” 
FRANK VERNON BistroM, University of Washington, “An 
Investigation of a Rotary Pump” 

WILLIAM WALLACE WuuIt®, University of Washington, “An 
Investigation of a Rotary Pump” 

Gerarp Epen Ciaussen, Polytechnic Institute of Brooklyn, 
“High-Temperature Oxidation of Steel” p 
Harotp L. Apams and RicwaArp L. Sriru, University of 
Washington, “A Wind Tunnel for Undergraduate Labora- 
tory Experiments” 

Ju.es Popnossorr, Polytechnic Institute of Brooklyn, “Pres- 
sure and Energy Distribution in Multi-Stage Steam Tur- 
bines Operating Under Varying Conditions” 

H. E. Fosrer, Jr., University of Tennessee, “Factors Affect- 
ing Spray Pond Design” (Undergraduate Award) 

Wuttam A. Mason, Stanford University, “An Experi- 
mental Investigation of the Flame Propagation in Internal- 
Combustion Engines” (Postgraduate Award) 

Huco VY. Corprano, Polytechnic Institute of Brooklyn, 
“Thermal Analysis of Lithium-Magnesium System of Al- 
loys” (Undergraduate Award) 

James A, OSTRAND, JR., Princeton University, “Sudden En- 
largement in the Open Channel” (Postgraduate Award) 

H. Reynotps Hupson, Georgia School of Technology, “Dy- 
namic Balance and Functional Utility Applied to Auto- 
motive Design” (Undergraduate Award) 

Cuartes P. Bacua, Rutgers University, “The Behavior 
of Metals Subjected to Combined Stress” (Postgraduate 
Award) 

Ropert W. BEA, Oregon State College, “Do Lubricating 
Oils Wear Out?” (Undergraduate Award) 

Leon B. Srunson, Oklahoma Agricultural and Mechanical 
College, ““Polymerized Motor Fuels; Their Economic Sig- 
nificance” (Undergraduate Award) 

DeWirr D. Bartow, JR., Princeton University, “The Criti- 
cal Speeds of Lateral Vibrations of Shafts with Gyroscopic 
Effects” (Postgraduate Award) 

Gino J. MARINELLI, Rensselaer Polytechnic Institute, “In- 
vestigation of the Towing Resistance of a Model Submarine 
Hull” (Undergraduate Award) 

Marsuwatt C. Lone, Princeton University, “An Investiga- 
tion Into the Angular Characteristics of an Adjustable 
Blade Current Meter” (Postgraduate Award) 

DonaLp C. McSorury, Michigan State College, “Humidity 
Insulation” (Undergraduate Award) 

Davin T. JAMES, Michigan State College, “Bells—Concern- 
ing Their Tones” (Undergraduate Award) 

Grorcre W. SHEPHERD, JR., Princeton University, “An Auto- 
matic Mechanical Control for Synchronizing Prime Movers” 
(Postgraduate Award) 

Epwarp D. Rowan, Oregon State College, “Powder Metal- 
lurgy (Undergraduate Award). 

FREEMAN TRAVEL SCHOLARSHIP 

Hersert N. EATON 

BLAKE R. VAN LEER 

Ropert T. KNAPP 

REGINALD WHITAKER 

G. Ross Lorp 
\n. J. CASEY 


\rerox L. STREETER 
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HONORARY MEMBERS 


HONORARY MEMBERS IN ELECTED DIED ELECTED DIED 
PERPETUITY Str Cuartes Dovueras Fox.. 1900 192] Hint DHOMSON 4.. assess 1930 1937 - 

, JOHN RIPLEY FREEMAN..... 1932 1932 Henry Roprnson TowNne.... 1921 1924 

ALEXANDER Lyman Hotey, Founder of the jouw Frrrz ..........-..... 1900 1913 Henrt TRESCA ........ 1... 1882. 1885 

Society. Died 1882. : Masor-GENERAL GEORGE Witiiam CawrHorNe UNWIN 1898 1933 
JouN Epson Sweet, Founder of the So- WASHINGTON GoETHALS .. 1917 1928 SamurL Marruews VAUCLAIN 1920 1940 

ciety. Died Bene. ~ SRRANZE GRASHORY 2) 5... Sue 1884 1893) (OSkKAR. VON NITEEMR ae oeeere 1912 1934 
Henry Rossirer WORTHINGTON, PHC Os Rear-ApMiIRAL Roperr STAN- Franeis A. WALKER........ 1886 1897 

the Society. Died 1880. ISLAU GRIFFIN ........... 1920 1933 Worcester Reep WarNER... 1925 1929 

OTTO ERATIMA WHR eames 1882 1883  GrorGE WESTINGHOUSE ..... 1897 1914 

DECEASED HONORARY MEMBERS CHARLES Haynes HASWELL.. 1905 1907. Sir Wittiam Henry Waite. 1900 1913 

NATHANAEL GREENE HERRES- Sir ALFRED FERNANDEZ YAR- 
ELECTED DIED TER U ETO AT OMA RMIRAD So 6 6 < 1921 1938 BO Wilts cei scion eee 1914 1932 
ELORATTO PAARIN ia seis erate 1880 1889 FriepricH Gustav HerrRMANN 1884 1907 
Siz WILLIAM ARROL......... 1905 1913 GusTAv ADOLPH HirN....... 1882 1890 
Sir JoHN AvupDLEY FREDERICK JOSEPH sEUIRSCHee..... scene 1889 1901 LIVING HONORARY MEMBERS 

PASPIVATIG « greiouehsysters erate eres 1911 HSB KIN IBIOUEIS § sapesocoauns 1928 1930 merece 
WILLIAM WALLACE Rosert Woorston Hunt.... 1920 1923 . 

AIBEBUBY IN ay eee erat: 1925 1935 BensAMIN FRANKLIN IsHER- Witam LAMONT ABBOTT......... 1940 
Sir BengaMIN BAkmr....... 1886 1907 WOOD MI meee acne 1894 1915 LORENZO ALLIEVI ....-.........4.. 1937 
JOHANN BAUSCHINGER ..... 1884 1893 Hnrr Laauri ............. 1891 1916 Ropert W. ANGUS................ 1940 
Sir Henry BrsseMER....... 1891 1898 Erasmus Darwin Leavirr.. 1915 1916 EpMuNp Bruce Batt............. 1939 
Sir Freperick JosepH Bram- Henri Le CHATELIER........ 1927 1936 Hurcuinson I. CONE Peres teense 1936 

WIKLT iting a. cians 1884 1903 ANATOLE MALLET ........... 1912 1919 Mortimer Evwyn Coouny......... 1928 
JoHN ALFRED BRASHEAR..... 1908 1920 Crartns H. Mannine.. 1913 1919. ALEX Dow ..........- sees ee eee, 1936 
Gustave CANET ............ 1900 1908  ReAr-ADMIRAL GEORGE WAL- WILLIAM FREDERICK DURAND...... 1934 
ANDREW CARNEGIE ......... 1907 1919 AGH MinT-ynnte +2. 5 sarees 1910 1912 ARTHUR M. GREENE, JR........... 1940 
DANIEL KINNEAR CLARK.... 1882 1896 THe HonorasLe Sir CHARLES HERBERT CrarK Hoover........... 1925 
RupoLtpH JuLIUS EMMANUEL ALGERNON PARSONS ...... 1920 1931 DAvip ScHENCK JACOBUS.......... 1934 

CLAUSTUS: eect ae 1882 1888 CHARLES TALBOT PorTER..... 1890 19190 Masawo (RAMO oo eee eee eee 1929 
Sir Jown Goopn............ 1889 1892 Aucusre C. E. Rarwav...... 1919 1930 Dexter Stimpson Kimpatr......... 1939 
Pyar COOPER .......-5.- 0+ 1882 1883 Sir Epwarp J. Reep........ 1882 1906 ALBERT KINGSBURY 2. 52.205sceens 1940 
CHARLES DE FrRmMINVILLE.... 1919 1936 FRANZ REULEAUX .......... 1882 1905 CHaRtes THomas MAIN........... 1939 
CarL Gusrar PATRICK DE CALVIN Winsor Rice....... 1931 1934  Gmoren AT (ORROK: 22-20 -. 22s 1936 

TRAVAUe ete OR SR 1912 1913  Paumer C. Riokmrrs........ 1931 1934 GRANDE Urrictate ING. P1o PERRONE 1920 
RUDOLPEL DIESEL sass. eee 1912 1913 Henri ApotpHE-EUGENE IBID WAL; TJIAo eR ENDL Bee eyesore 1939 
TPNMPS IDI, A anasaess ond 1886 1906 SGMNIMINN Ganeamongecc occ 1882 1898 SWANS VAS SH yAlo UR ee eee 1940 
Victor DWELSHAUVERS-DERY. 1886 1913 CHARLES M. Scuwas........ 1918 1989 WiuiiiAM H. TSCHAPPAT........... 1938 
THomaAs Atyva EpISon....... 1904 1931 C. Wititam SIEMANS....... 1882 18838 Henry HAagur VAUGHAN.......... 1939 
ALEXANDRE GUSTAVE HIFFEL.. 1889 1923 Viscount Er-icut SuHipusawa 1929 1931 Rieut HonorasL_e Lorp WEIR...... 1920 
MarSHAL F'eRDINAND FocH 1921 1929 AmMBROSE SWASEY .......... 1916 LOST MOR VAGUE VVIRTC Er ae nn 1918 


PAST-PRESIDENTS 


A list of past vice-presidents, managers, treasurers, and secretaries will be found in the 
1930 Record and Index, pages 10-12. Dates in parentheses denote year of death. 


ALEXANDER LyMAN Houiry, Chairman of the Preliminary Meeting 1910 GEORGE WESTINGHOUSE (1914) 
for Organization of The American Society of Mechanical Engineers 1911 Epwarp Dante, Meter (1914) 
(1882) 1912 ALEXANDER CroMBIE HumMPHREYS (1927) 
1880-1882 Roserr Henry Turursron (1903) 1913 WILLIAM FREEMAN Myrick Goss (1928) 

1883 Erasmus Darwin Leavirr (1916) ue JamEs HartNess (1934) 

1884 Joun Epson Sweer (1916) 1915 JOHN ALFRED BRASHEAR (1920) 

1885 JosepHus FLavius Hottoway (1896) ee Davin SCHENCK JAcoBUS 

1886 COLEMAN SELLERS (1907) LLG Tra Netson Hoxxis (1930) 

1887  Guorce H. Bascock (1893) 1918 Cuartes THomas Mary 

1888 Horace Sre (1909) 1919 MorTIMER ELwyn CooLrey 

1889 Henry Rosrnson Towne (1924) Te Frep J. MILLER (1939) 

1890 OBERLIN SMITH (1926) ae Epwin 8. Carman 

1891 Roserr Woorston Hunt (1923) dee Dexter Suupson Kimpart 

1892 CHARLES Harpine Lorine (1907) eee JOHN LYLE HARRINGTON 
1893-1894 Eoxiry Brinton Coxe (1895) ree ES as RouLins Gow (236) 

1895 Epwarp F. C. Davis (1895) 1925 Witu1amM FRrepERICK DuRAND 

1895 Cartes ErHan Biniines (1920) 8 WILLIAM LaMont ABBOTT 

1896 Joun Frrrz (1913) 1927 Cuarites M. Scuwas (1939) 

1897 Worcester REED WARNER (1929) uae Bibs Pow . 

1898 Cartes WALLACE Hunt (1911) oe ELMER AMBROSE Sperry (1930) 

1899 George WALLACE MELVILLE (1912) 1930 CHARLES ale (1933) 

1900 Cuartes Hirt Morean (1911) 1931 Roy V. Wrieur 

1901 Samuet T. WreLtitman (1919) 1932 Conrad N. Laver 

1902 Epwin Reynoxps (1909) 1933 A. A. Porrrr 

1903 JAMES Mapes Dopce (1915) 1934 Paut Dory (1938) 

1904 AMBROSE SWASEY (1937) 1935 Rapa E, FLANDERS 

1905 JouN Riptry FRreMAN (1932) 1936 Wiiiiam L. Barr 

1906 Frepertck Wi1nstow Taytor (1915) 1937 James H. Herron 

1907 FREDERICK ReMSEN Hurron (1918) 1938 Harvey N. Davis 

1908 Minarp LAarever HoLtMAn (1925) 1939 ALEXANDER G. CHRISTIE 


1909 Jesse Merrick SmirH (1927) 1940 Warren H. McBrype 
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The Combustion of Waste-Wood Products 


By H. W. BEECHER! anv R. D. WATT,? SEATTLE, WASH. 


This paper is not intended to be a rigorous argument or 
a scientific treatise advocating any particular procedure in 
producing steam from the combustion of wood waste, but 
rather the compilation of essential facts made apparent 
by many years of experience in dealing with this rather 
abstruse subject. 


HE waste products resulting from the manufacture of 

lumber, plywood, or cellulose for conversion into pulp are 

available as fuel. Manifestly, any portion of the log which 
can be economically converted into more valuable material should 
neither be classified as waste wood nor used for fuel. Sawdust 
and shavings can be handled for burning without further process- 
ing. Slabs, edgings, trimmings, and other waste products require 
further size reduction to prepare them for rapid combustion, easy 
transportation, and convenient handling. Such material is 
usually processed by a mechanical masticator, commonly known 
asa “hog.” The product so obtained, together with sawdust and 
shavings, forms a mixed fuel called “hog fuel.” The term “hog 
fuel” will be used to describe the waste-wood products dealt 
with in this paper, whether they be sawdust, shavings, or a 
mixture of these with hogged materials. 


Economic ASPECTS 


The cheapest power for operation of a sawmill is energy gen- 
erated from steam produced by burning the resulting waste ma- 
terials. This waste must be removed or destroyed and is available 
to the producing sawmill without transportation costs. Whenever 
sawmills are not located within economical transportation dis- 
tance from external hog-fuel markets, large investments in refuse 
burners are necessary in order to dispose of excess waste fuel. In 
a country with an abundance of cheap hydroelectric power, fuel 
must be inexpensive to permit steam-plant competition, except 
where steam is required for process. 

The mill production cost for the hogged portion of fuel is from 
10 cents to 15 cents per unit, largely made up of power, operation, 
and maintenance expenses of the hogging equipment. The mill op- 
erator should receive a reasonable return on his investment and, 
if possible, secure a profit on his waste material. Prices charged for 
hog fuel vary from 50 cents to $1.50 per unit at the producing mill, 


' depending upon the supply and demand and not upon the cost 


of production. If a mill is isolated from the market in a com- 
munity where the other fuel-consuming activities also produce 
hog fuel as a by-product, there is competition for the consuming 
market and the mill operator must then be satisfied with smaller 
returns. Conversely, if the producing mill is located in an in- 
dustrial center containing fuel-consuming plants which are not 
producers of fuel, an absorbing market is available, permitting 
the mill operator to secure a profit on his waste materials. In 
recent years the revenues from hog-fuel sales have represented a 
large part of the total profits of many mills. 

The large volume and weight of hog fuel per available Btu 
makes the transportation cost loom large in the total cost to the 
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consumer. The economical marketing zone is limited by trans- 
portation costs. Frequently, greater cost is involved in trans- 
portation and handling than the actual price paid by the con- 
sumer to the producer for the fuel at the point of manufacture. 
In spite of high transportation costs, hog fuel is generally avail- 
able to the consumer at a cost per million Btu, comparing favor- 
ably with the costs of other types of fuel in the lowest-fuel-cost 
areas of the United States. Hog fuel is, therefore, the principal 
fuel used in the Pacific Northwest for steam production. 

The high moisture content of hog fuel materially reduces the 
obtainable thermal efficiencies of boiler plants, as compared with 
the efficiencies secured with other fuels. This necessitates com- 
parison of hog fuel with other fuels on the basis of their relative 
cost per available Btu. Many consumers of hog fuel pay as little 
as 50 cents a unit, delivered. 
fuel cost reaches $3.50 per unit. A unit of hog-fuel measurement 
occupies 200 cu ft. An average unit of hog fuel will contain ap- 
proximately 20,000,000 Btu. Boiler-plant efficiencies with hog 
fuel vary, depending upon the type of installation, the percentage 
of rating at which the boiler plant operates, and whether air 
heaters are installed for recovery of additional heat from the 
boiler gases. These efficiencies vary from 45 per cent on the 
poorer installations to 65 per cent on the more modern and better 
equipped boiler plants. 

To indicate the general low cost of hog fuel for the production 
of steam, it may be noted that with 60 per cent efficiency the 
available heat per average unit would be 12,000,000 Btu. At a 
cost of $1 per unit, the corresponding cost of steam production 
would be 8!/; cents per million Btu input. With fuel oil costing $1 
per bbl and with 83 per cent boiler efficiency, the heat available 
in steam would be 5,200,000 Btu per bbl and the corresponding 
cost per million Btu input would be 19 cents. With coal having a 
heat value of 12,500 Btu per lb and costing $4 per ton and with 
an average boiler efficiency of 80 per cent, the corresponding 
cost of steam per million Btu input would be 20 cents. This com- 
parisonindicates that, in so far as a consideration of the combustion 
of hog fuel is concerned, a low-cost fuel is involved which has not 
yet encouraged the engineering research or the capital investment 
which would be warranted were it a higher-priced commodity. 


MeasuREMENT oF Hoa FUEL 


Neither buyers nor sellers of hog fuel have been willing to 
spend money to measure accurately fuel having such low cost 
per million available Btu. The seller has not had competition 
from fuels other than hog fuel from competing mills, as this fuel 
has been used principally in localities where neither oil nor coal 
has been competitive. The buyer, realizing the economic ad- 
vantage in using hog fuel, as compared with other available fuels, 
has been unmindful of the advantages to be obtained by purchas- 
ing scientifically and determining the actual fuel values obtained 
for his dollar. 

To compare and purchase on an available Btu basis one must 
purchase by weight, rather than by measurement, and make 
proper corrections for average moisture content. The simplicity 
and comparatively low cost of volumetric measurement has de- 
layed the adoption of the more scientific system. The general 
adoption of volumetric measurement dates back 30 years when 
hog-fuel prices were yet lower than those prevailing today. The 
‘unit?’ on which most hog fuel is purchased and sold contains 
200 cu ft (material and voids) irrespective of the compacting of 
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the fuel brought about by the shape, size, or handling of the 
measuring containers. The process of mixing hog fuel and saw- 
dust, in which the sawdust tends to fill the voids, provides greater 
fuel content per unit of measure. No allowance or credit is 
ordinarily given by the buyer for the greater number of Btu 
in a compacted unit. As a result, there is wide variation in the 
heating value per unit as sold. Another element of variation 
which is waived with the present measurement basis is moisture 
content with its serious effect on the availability of the heat 
units. With the present measurement basis, a buyer may obtain 
more heat per dollar from a unit for which he pays $1.50 than from 
another unit for which he pays only $1. The development of 
weighing-belt scales shortens the time until much of the hog 
fuel used in large plants will be weighed and, with proper moisture 
determination, be bought, sold, and compared on a Btu basis. 


AVAILABILITY OF WasTE-Woop FUEL 


As long as lumber is cut from logs, there will be waste for which 
the primary market will be among the consumers of cheap fuel. 
A detailed survey by the Forest Service and reported by Allen 
H. Hodgson showed that, in the manufacturing of slightly over 
10,000,000,000 fbm of green, rough-sawed lumber in the Douglas 
fir region in the year 1929, over 619,000,000 cu ft of solid-measure 
normal sawmill waste was produced. An analysis of the total 
volume of 1,354,000,000 cu ft of sound wood in the logs showed 
that approximately 67 per cent (911,000,000 cu ft) was converted 
into green, rough-sawed lumber; nearly 19 per cent (261,000,000 
cu ft) became slabs, edgings, and trimmings; the balance, 14 
per cent (191,000,000 cu ft) was sawdust. In addition to the 
sound wood there was approximately 167,000,000-cu ft solid 
measure of bark. This indicates that of the solid-wood material, 
inclusive of bark represented by the logs as delivered to the saw- 
mill, 41 per cent is so-called ‘“‘waste” and available for fuel. 

We have been unable to find the result of any studies made to 
determine the percentage of solid wood in the tree represented 
by the solid wood in the saw logs. It is well known that the 
tops and branches cannot be economically handled, transported, 
and utilized for the production of lumber, as the available wood 
content, when converted into lumber, will not bring sufficient 
revenue to the mill to cover the cost of removing this material 
from the forest. The branches and tops left in the forest are a 
fire hazard and, if the cost of handling and removing them ap- 
proached the price obtainable for the materials produced, they 
would be removed by the mills at a loss rather than be left in the 
forest as a menace. Itis reasonable to assume that the material 
left in the forest is sufficient to make up the difference between 41 
and 50 per cent, and to state broadly that, of the wood content 
of the average tree as logged and utilized in the Northwest, less 
than 50 per cent is converted into lumber and its allied products. 
The balance is an economic waste except for the value recovered 
as fuel. 

While there may be some slight improvement in utilization, 
the greatest encouragement for the conservationist comes from 
the possibility of chemically treating selected portions of existing 
waste for production of cellulose products. Another field is 
fermentation and production of alcohol. A third utilization proc- 
ess is destructive distillation which would give charcoal, numer- 
ous by-products, and some steam for power production by burn- 
ing the gas after cleansing of by-products. All these possibilities 
justify the statement that, as long as sawmills in the Northwest 
are operating at reasonable capacities, hog fuel in abundance will 
be available for industrial use. 

There will remain a wide price range to the consumer at his 
place of use. As a consumer goes farther afield to secure his fuel 
in competition with other consumers, the more fortunately lo- 
cated sawmills with lower transportation costs will raise their 
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prices and derive greater profits. Greater consuming markets 
will advance the prices so that small mills, beyond the zone of 
economical transportation at present fuel prices, will be pro- 
vided with a market for materials now destroyed in refuse burners. 
Such destruction, while wasteful, is necessary without a market 
for this material. 


TRANSPORTATION OF Hoa FuEL 


Where water transportation is available without rehandling, 
it is by far the cheapest method of moving hog fuel. Hog fuel 
is towed on barges as great a distance as 350 miles. 

In certain localities, transportation must be by rail in specially 
fitted cars. Tariffs are either per car or per 100 lb weight. In 
either case it is desirable to have car contents a maximum. Cars 
are constructed with sides extending to maximum clearance 
height for the division in which they are to operate. A 50-ft car 
may be constructed to handle 35 units. However, most cars 
carry from 20 to 30 units. 

The use of trucks for hog-fuel transportation is increasing. 
Special bodies carry from 4 to 6 units where regulations will 
permit. They load by gravity from bins, or conveyers, and are 
fitted with power dumps by which they are discharged into hop- 
pers. Truck-transportation cost is dependent upon the length 
of haul which affects the portion of hourly truck and driver costs 
chargeable to each unit of hog fuel. 

Each transportation problem must be independently treated 
to obtain the least possible cost. No set schedule of probable cost 
can be suggested as generally applying to any of the three 
methods outlined. 

In rare cases, the hog-fuel-producing plant is situated near a 
consuming market and very low transportation costs can be ob- 
tained by use of belt conveyers between plants. 

Except where necessary to elevate fuel steeply or to take off 
at several intermediate points, belt conveyers should be used. 
Even with multiple-point discharge, it frequently becomes de- 
sirable to use trough belts with traveling trippers or flat belts 
with unloading slices rather than to install scraper conveyers. 

Belt conveyers are cheaper to operate than flight conveyers 
as they require less power, attention, and maintenance. Where 
belt conveyers cannot be conveniently installed, it is necessary 
to use special scraper or drag conveyers. All boiler-feed conveyers 
should be provided to convey more than current requirements and 
to return surplus to supply source, rather than to attempt regula- 
tion of the conveyed fuel supply in synchronism with fuel con- 
sumptions. 

The amount of fuel storage required depends upon reliability 
of supply, possible interruption to transportation, and the neces- 
sity of avoiding plant outage. Plant consumptions, load factors, 
and operating intervals also affect the amount of storage which 
should be provided. The possibility of using oil or other more ex- 
pensive fuel for emergency operation, with its attendant higher 
fuel cost, should be weighed against the fixed charges on average 
hog-fuel storage and recovery systems. 


HEATING VALUE 


The high percentage of oxygen in wood reduces the heat con- 
tent per pound as it is combined with carbon and hydrogen to 
form carbohydrates and, therefore, the total heat of combina- 
tion of the combustibles is not all available. The manner in which 
these three elements are combined is not definitely known and 
the use of Dulong’s formula, as applied to the ultimate analysis 
of wood, will not result in a Btu value corresponding to that ob- 
tained from calorimetric determinations, Hog fuel as normally 
delivered to the furnaces contains a high percentage of moisture. 
A portion of this is extraneous moisture, either resulting from wet 
logs, water lubrication of saws, or rain when fuel has been ex- 
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posed. Most of the moisture, however, is in the cellular structure 
of the wood. The fuel, as received from the average sawmill, 
contains material with high moisture content from the sap wood 
of the log, material with a medium moisture content from the 
heartwood, and material with comparatively low moisture 
content from wood dried in commercial dry kilns. 

In computing combustion results, moisture determinations are 
reported as the percentage of the total weight of wood and mois- 
ture represented by the moisture. This means that fuel contain- 
ing 50 per cent moisture contains 1 lb of water per lb of dry fuel. 
With the high oxygen content of wood there would be 1%/, lb 
of water per lb of combustible. If the oxygen were combined with 
the hydrogen, as assumed in Dulong’s formula, 50 per cent mois- 
ture in the fuel would correspond to approximately 2 lb of water 
per lb of ununited or available combustible. It is interesting to 
note, when the moisture content is increased from 50 to 60 per 
cent, the weight of moisture in the fuel is increased from 1 to 1’ /2 
lb per lb of dry fuel. The hog fuel used in industrial plants of the 
Northwest will average from 25 per cent moisture, when princi- 
pally kiln-dried material, to from 57 to 60 per cent moisture when 
largely green hemlock. 

The available heat in hog fuel is a function of the moisture 
content. The heat necessary to raise the temperature of the wet 
fuel to 212 F, evaporate the water, and superheat the vapor to the 
exit-gas temperature is not available for steam production. This 
accounts for a substantial portion of the total losses in hog-fuel 
combustion. 

All species of wood considered herein have approximately the 
same heating value on a bone-dry basis which will average 8900 
Btu per lb of dry wood. However, some species are better fuels 
than others. Hemlock is not as good as fir. Spruce is better 
then hemlock, but poorer than fir. Cedar is a light fuel and re- 
quires a specially designed furnace for good results. Hemlock, as 
ordinarily available as fuel, has a high moisture content and does 
not readily part with its moisture. At least 20 to 25 per cent 
more capacity can be obtained from given furnaces and combus- 
tion chambers with fir fuel having about 45 per cent moisture 
content than with hemlock having 57 per cent moisture. 

The heating value of stored hog fuel varies with the time in 
storage. Storage of hog fuel in the open decreases available Btu 
in fuel faster than storage under cover. This loss of heat value is 
attributed to slow oxidation which takes place at low tempera- 
tures. Cultures have been made from samples of hog fuel after 
storage over a considerable period which show an indication of 
molds and other wood-destroying fungi. These reactions are 
exothermic and the heat is lost. 


CoMBUSTION 


Coal and oil in age-long processes have both been formed from 
vegetable matter. All wood, coal, and oil contain the same 
elemental combustible materials; these elements are, however, 
combined in different ratios. A typical ultimate analysis of wood 
is as follows: 


Per cent 
Garboris senile eee iristen 4 ateietetolelneks) == 50.31 
Ey drogene err ae eae rr 6.20 
Opafusik oee sanor ome aoe Hote ae 43.08 
INTSrOeT es eee, ee se ieee ne 0.04 
ISHS EO Se eRe ge See re ane 0.37 


Through the ages, during which cgal and oil have been sub- 
jected to heat and pressure, much of the oxygen and moisture 
originally contained in the wood or other cellulose matter from 
which they were formed have been driven off, leaving a greater 
concentration of combustibles. 

Nearly 45 per cent of the dry weight of wood, independent of 
the species, is oxygen. The hydrogen-to-carbon ratio in wood is 
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of the same order as in oil and, therefore, for the same excess 
air, the percentage of water vapor as compared to dry gases will 
be approximately the same for these two fuels. Coals, as a rule, 
have much lower hydrogen-to-carbon ratios and, therefore, give 
combustion gases containing lower percentages of moisture. The 
heating value of the fixed carbon in wood fuel amounts to from 
15 to 20 per cent of the total heat in the fuel. The high moisture 
and volatile contents of hog fuel delay combustion which proceeds 
as follows: 

1 The driving off of the moisture content and raising the wood 
to a temperature at which volatiles will be driven off; 

2 The actual distillation of volatiles; 

3 The combustion of the fixed carbon. 

The high oxygen content of wood with its low nitrogen con- 
tent reduces the percentage of nitrogen in hog-fuel flue gas. Coal 
of typical analysis, if completely burned without excess air, would 
produce 181/2 per cent CO: in the combustion gases; similarly, 
oil of typical analysis, if burned without excess air, would pro- 
duce 151/2 per cent CO; wood of the typical analysis quoted 
will give, if completely burned without excess air, approximately 
20 per cent COr. 

The wood itself contains but little noncombustible in the form 
of ash; however, hog fuel as normally fired may carry with it 
appreciable quantities of ash-forming material in the nature of 
extraneous matter embedded in the bark or wood fibers and not 
removed in preparation, transportation, and handling. This may 
consist of small pebbles, sand, and shells. Logs which have been 
transported in salt water give off gases containing salt fume which 
assists in lowering the fusion temperature of the noncombustible 
and accelerates the deposit of slag on boiler tubes. 

With deep fuel beds, most of the fixed carbon, undoubtedly, 
leaves the fuel bed as carbon monoxide where it unites with addi- 
tional oxygen to burn to the dioxide. The incandescent carbon 
adjacent to the grates burns to the dioxide and then, in passing 
further through the incandescent carbon, is reduced to the mon- 
oxide. 

In the cellular type of furnace, it is important to provide 
secondary or overdraft air. The conical pile of fuel is too thick, 
except around its edges, to pass the necessary air for rapid com- 
bustion. The closing of secondary-air admission ports, resulting 
from too thick a fuel bed, is quickly evident in the smoking of 
furnaces. The admission of overdraft air through the grates in 
the front of the furnace with little resistance to the passage of 
such air decreases the negative pressure in the furnace and lowers 
the required average draft throughout the setting. Any decrease 
in required draft is desirable to avoid infiltration in the convec- 
tion sections where excess air decreases the efficiency of the 
boiler. 

The standard method of feeding fuel to flat-grate cellular-type 
furnaces is through feedhole openings located in the furnace roof, 
the fuel being transported to the furnace through chutes. Rea- 
sonable precautions are necessary to limit the amount of air enter- 
ing the furnace through these chutes; any air so admitted de- 
creases the air to the preheater and also results in furnace strati- 
fication. In spite of such precautions, the falling fuel produces 
an injector action and entrains considerable quantities of air. 


DESIGN oF FURNACES TO BuRN Hoe FUEL 


The problems of proper combustion of hog fuel are greatly in- 
creased by the necessity of providing furnaces suitably designed 
for fuels varying in size from dust to pieces having 3 to 5 cu in. 
of content and for fuels of variable moisture content. Frequently, 
slugs of dry and highly combustible fuel are followed by slugs of 
wet fuel which form a damp blanket on the fuel pile. In the 
case of hopper-fired sloping-grate furnaces, one side of a hopper 
may contain dry fuel and the other side wet fuel. 
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The designer must provide furnaces to handle properly the wet 
fuel and, at the same time, not to punish unduly refractories dur- 
ing the periods in which only dry fuel is fed. To produce the best 
average combustion conditions, much study has been given to 
the use of sloping-grate furnaces where the fuel is admitted in a 
comparatively thin and uniform layer over a drying hearth, in 
which portion of the furnace reflected heat is utilized to drive off 
the moisture and start the distillation process necessary before 
the fixed-carbon content of the fuel can be ignited. Following this 
section of the furnace, the fuel flows over grates and, as the 
volatile content is driven off, combustion of the fixed carbon is 
maintained by the air passing through the grates and fuel bed. 

Theoretically, such furnaces would be preferred to flat-grate, 
conical-pile furnaces with which by far the greatest number of 
hog-fuel-fired boilers are equipped. Practically, difficulties are 
encountered with sloping-grate furnaces caused by: 

1 The fuel not being uniform in size and, therefore, containing 
streaks, or pockets, of greater density than adjacent areas, leading 
to the formation of blowholes through the fuel. 

2 The fuel, not being of uniform moisture content, leads to 
the formation of areas in which distillation and ignition proceed 
more rapidly than in adjacent areas, thus resulting in the same 
formation of blowholes. 

With a fuel as light as wood, particularly after the moisture 
and volatiles have been driven off, leaving charcoal cinders, these 
blowholes lift the cinders from the grates, depositing them at 
the foot of the sloping section and, in their formation, prevent 
the fuel from above the blowhole cascading to cover the hole. If 
too great ashpit pressures are used, this formation of blowholes 
is accentuated. 

The accumulated charcoal cinders at the toe of the sloping 
grates affords such high resistance to the passage of air that in- 
sufficient air passes through this material. This prevents the 
combustion at the toe of the grate proceeding with sufficient 
rapidity to obtain high ratings per square foot of grate area, as 
the limiting rate for inflow of fuel over the drying-hearth section 
is the rate at which the fixed carbon can be consumed at the 
lower end of the grate. Even though sloping-grate furnaces have 
been tried in the Northwest with 15 to 16 ft of total length, ob- 
tainable capacities per foot of width of furnace have been less 
than those possible with well-designed furnaces of: the so-called 
cellular type. As a result of the greater capacity obtainable in 
the latter furnace, most of the installations made in recent years 
have been of this design. 

It is possible that extremely long sloping furnaces with special 
means for controlling the rate of feed and for cleaning the ac- 
cumulated slag at the toe of the grate, with controlled and zoned 
air supply, could be developed to give results comparable with 
those obtained with a flat furnace. Such an installation would 
involve capital expenditures which do not appear to be com- 
mercially justified, as they could not improve materially upon 
the efficiencies obtained with the present flat cellular-type fur- 
nace. An advantage of the cellular type of furnace is the ability 
to operate a boiler at reduced rating while burning down and 
cleaning the slag from the grates in one of the multiple cells. 
Cell-type furnaces are constructed with widths for individual cells 
ranging from 61/2 to 81/2 ft, which appear to be the economical 
limits of conical piles to be covered by single feedholes. 

The combustion-chamber volume, gas-travel length before 
convection surfaces, and the cross-sectional area of combustion 
space are related and important in hog-fuel combustion. In 
comparable installations, the gas weights with hog fuel are ap- 
proximately 1.7 times the gas weights with oil, and approximately 
1.25 times the gas weights with coal. This increased gas weight 
results in lower combustion-chamber temperatures which are 
further reduced by the high moisture content of the hog-fuel 
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gases. The decreased temperature does not entirely offset the 
increased gas weights and larger cross-sectional areas are required 
when burning hog fuel to give comparable velocities in the com- 
bustion space. These factors make it essential to provide larger 
combustion spaces with hog fuel than with other fuels. 

With the modern boiler installation, the increased capacity 
obtainable with preheated air has been largely responsible for 
the installation of preheaters rather than any gain in efficiency 
resulting from their use. When a preheater installation is 
charged with the extra capital, operating, and power costs, made 
necessary by the installation of forced- and induced-draft fans, 
and the necessary gas and air ducts, the low cost per Btu of the 
fuel precludes the justification of air preheaters on a strictly fuel- 
saving basis. With hog fuel it is impossible to obtain as low exit- 
gas temperatures from air preheaters as with other fuels. The 
high exit-gas temperatures, in part, result from the fact that only 
75 to 80 per cent of the air required for combustion can be passed 
through the air preheater. 

With the general introduction of water-cooled combustion 
chambers in an endeavor to reduce brickwork maintenance, the 
addition of the preheater has been found desirable in order to 
decrease the size of the combustion chamber and the length of 
gas travel necessary from the furnaces to the convection surfaces. 

The use of preheaters has made it necessary to use water- 
cooled grates to avoid excessive grate maintenance. Water-cooled 
grates have also proved desirable to facilitate grate cleaning. 
The slag formed from the foreign matter brought in with the 
fuel does not adhere tenaciously to the water-cooled grates; 
whereas, with uncooled grates, it is removed with difficulty. 
Several designs of water-cooled grates have been developed for 
this service. The heat absorbed in the cooling water is low- 
potential heat and must be subtracted from the heat available 
for the production of steam. In many installations the heat ob- 
tained in grate-cooling water is used to heat condensate, or 
make-up water, in this manner supplanting heat which would 
otherwise be supplied by bled steam which had produced power 
or by the exhaust from noncondensing auxiliaries. It is, therefore, 
important in the design and construction of water-cooled grates to 
provide an arrangement for cooling which will extend the life of 
the grate, provide for easy cleaning, and, at the same time, ex- 
tract from the grates and from the preheated air passing through 
them a minimum amount of this low-potential heat. 


DRIERS 


Hog-fuel driers offer attractive potential savings to the power- 
plant operator. The flue gas leaving an air heater at approxi- 
mately 500 F contains sufficient heat to remove about 1/2 lb of 
water per lb of dry wood without dropping the temperature of 
the gas so low that condensation difficulties will arise. In addi- 
tion to the savings, the drying of hog fuel gives considerably in- 
creased capacity per square foot of grate. 

Although hog-fuel driers seemingly have a broad field, the 
volume of fuel to be dried per available Btu makes necessary a 
drier of such large physical dimensions that the fixed charges and 
the operating and maintenance expenses make it difficult to justify 
the investment. 

Several different types of hog-fuel driers have been proposed 
and tried in this country and abroad, but the authors do not know 
of any design which has proved completely satisfactory. There 
is a definite field for a satisfactory hog-fuel drier, but until all of 
the mechanical difficulties with the prevailing designs can be 
successfully solved their use will not become extensive. 


CINDER NUISANCE 


The cinder nuisance from hog-fuel-burning plants has increased 
with higher firing rates required in the modern high-duty boilers 
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equipped with forced- and induced-draft fans and air preheaters. 
Modern hog-fuel-burning plants are providing either mechanical 
separators or flue-gas washers for cinder removal. Starting with 
the use of large single cyclone dust separators, with relatively 
poor efficiencies on the fine light cinder particles, the necessity 
of securing better cinder elimination has led to a trial of various 
designs of mechanical devices, and to the development of special 
wet gas washers. 

There is but little information available concerning the dust 
loadings of boiler-exit gases. At recent biddings by prominent 
boiler manufacturers, great divergence in the assumed per- 
centages of unconsumed combustible showed that there was 
apparently no actual knowledge of the dust loadings to be ex- 
pected. Bidders allowed as low as 0.25 per cent unconsumed com- 
bustible loss, while others allowed as much as 7.5 per cent. Some 
bidders gave constant percentages over the entire range of rat- 
ings, although it is evident that the unconsumed-carbon loss in 
the flue gas will increase with the rate of firing. 

Recently, extensive and carefully conducted tests have been 
made by one of the country’s foremost manufacturers of gas- 
cleansing equipment. Tests were made at various rates of opera- 
tion, with and without preheat on distinctly different types of 
boilers. These tests will give the first authentic data on the dust 
loadings in flue gases of hog-fuel-fired boilers under variable con- 
ditions of firing, fuel, and rating. Unfortunately, this informa- 
tion is not as yet available to the public. The cinder problem 
when burning hog fuel at high firing rates isa real one. The in- 
dustry may expect valuable information affecting the best means 
of cinder collection from such tests and the developments result- 
ing therefrom. 
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BorLER CAPACITIES 


A high and narrow boiler is less expensive than a low and wide 
one of equal heating surface. The problems of boiler-plant design 
are not so much the provision of heat-absorbing surface as in ob- 
taining suitable furnaces for combustion of the wet fuels at high 
rates per unit area of furnaces. Tandem furnaces do not operate 
as well as furnaces with a single feedhole per cell. Any boiler 
should have a minimum of two cells to permit carrying part load 
during grate-cleaning periods, while three cells permit carrying 
greater loads during such periods. Boiler plants with several 
boiler units can use fewer cells per unit without material loss of 
plant capacity. Many installations have furnaces splayed to a 
greater over-all width than the boiler to permit greater furnace 
capacity with narrow boilers. 

Numerous factors affect the capacity obtained from hog-fuel- 
fired boilers. The following table is intended to indicate in a 
general way what capacity should be expected from a well- 
designed furnace cell of the general dimensions used in modern 
installations in the Northwest. Values are given for cells with 
and without preheat and with good fuels of different moisture 
content: 


Moisture in fuel, -——Btu input per sq ft of grate area 


per cent Without preheat With preheat 
40 680000 850000 
48 550000 690000 
56 400000 500000 


Caution should be exercised in the use of the capacities tabu- 
lated as they reflect what can be accomplished under good condi- 
tions and in properly designed furnaces. 
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Recent Developments in Burning Mid- 
western Coals on Water-Cooled 


Underfeed Stokers 


By H. C. CARROLL,! CHICAGO, ILL. 


The author points out that there is an increasing trend 
toward one-boiler-unit operation in a single plant. This is 
due to a better understanding of boiler and furnace design, 
feedwater treatment, heat-recovery devices, and fuel- 
burning equipment, all tending to promote increased ef- 
ficiency, greater ease of operation, and greater reliability. 
The application of water-cooling to underfeed stokers can 
properly be compared to the application of water-cooling 
to refractory furnace walls; and it is the author’s belief 
that it will prove fully as beneficial in protecting the grate 
structure of the stoker as has water-cooling proved its 
value in the protection of refractory furnace walls. The 
complications involved in applying water-cooling to 
underfeed stokers are outlined in the paper and numerous 
successful installations using Midwestern coals are de- 
scribed. 


HE first attempt to water-cool multiple-retort under- 

feed stokers was made in 1929, where the tuyéres recipro- 

cated. Flexible hose was necessary to supply water to the 
cooling tubes, which proved impractical. In 1933, one Mid- 
western plant found it necessary to burn a cheap strip-mine 
Illinois coal with preheated air, or convert to gas. The multiple- 
retort stoker in this plant had stationary tuyéres which were 
cooled by fixed tubes. These were subsequently extended to pro- 
tect the entire air-emitting surfaces of the stoker. 

These original units were protected by small tubes with forced 
circulation, obtained by taking water from the boiler drum 
through a booster pump, and pumping it through the stoker cool- 
ing tubes and back to the boiler drum. Later designs embodied 
natural-circulation tubes, connected in the same manner as 
conventional waterwalls. 

At present there are about thirty installations of water- 
cooled stokers in commercial operation. These vary in size from 
35,000 to 225,000 Ib per hr, with a combined steam-generating 
capacity in excess of 3,000,000 lb of steam per hr. These units 
are distributed over a wide area, using a variety of coals from the 
eastern Atlantic fields to Nebraska, including Pennsylvania, 
Ohio, Indiana, Illinois, Kentucky, Iowa, and Kansas coals. 


MIDWESTERN COALS 


Coal which moves into the Midwestern section of the country 
from mines located in this area comes from operations in the 
states of Ohio, western Kentucky, Indiana, Illinois, and Towa. 
While the Ohio coals are not, strictly speaking, Midwestern with 
regard to geographical location, they bear a relation in rank to 
some of the coals*from the Midwestern fields, and are likewise 
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used for industrial purposes there. Table 1 shows in a general 
way the range of coals coming from these fields. 

The approximate tonnages produced during the year 1938, from 
the states mentioned are as follows: 


CUTOME RR eee ote ee aisusray atc ucustete cegsuars Weverere 17,920,000 
Western Mentucieynreciieeriiet ote niieenel 7,275,000 
Tania anniact acter iy ett oh eo he Rca 14,050,000 
AUIS OrR Me Hone totes bincitee Dormant on moe 40,650,000 
ROW EUAT Re re MI en vcr Croke aaa AGES 3,250,000 
NE AMSASs hee eee oreo Ne Th etree soe 2,560,000 


It will be noted that in general the Midwestern coals are rela- 
tively high in moisture, high in ash, high in volatile matter, low 
in fixed carbon, high in sulphur (except the southern [Illinois 
coals), low in fusion, and dry-heat values from 9800 Btu to 
13,800 Btu. Midwestern coals do not stand weathering very 
well, structurally are not hard, and the grindability index is low. 
Most of it is classed as free-burning, noncoking, and, due to its 
high volatile content, easily ignited. 


Burnine RATES 


One of the most important factors in the successful burning of 
Midwestern coals is the rate at which the coal is burned. We 
have adopted the projected area of the grate on the underfeed 
stoker as the area to be used in the calculation of fuel-burning 
rates. 

Where the unit is designed for base-load conditions over the 
entire period of operation, definite burning rates can be estab- 
lished. However, as is often the case in industrial and isolated 
city plants which do not have connections with other plants, a 
range of burning rates must be established which will prove not 
only economical over the entire range of load, but also will pre- 
vent undue maintenance under peak-load conditions. 

Keeping in mind the trend toward the single-boiler-unit 
operation, the water-cooled stoker presents a new possibility in 
this direction, especially where preheated combustion air is 
feasible. 

Without water-cooling on underfeed grates, and using Mid- 
western coals with preheated air, continuous operation at a burn- 
ing rate of 35 lb per sq ft per hr can be maintained conservatively 
with most coals without undue maintenance; and with possible 
periods of from 2 to 4 hr of 38 lb per sq ft per hr during peak-load 
conditions. 

However, with water-cooled grates, this range is increased 
under the same operating conditions to 45 Ib per sq ft per hr 
continuous operation; and for peak periods up to 60 lb per sq 
ft per hr of from 4 to 6 hr duration, or longer. 

This means that a much wider range of loads can be economi- 
cally carried without. undue maintenance, as a smaller grate area 
can be employed and still have a good efficiency at the lower range 
of loads. 

Where heat recovery is other than in the form of a preheater, 
such as an economizer, and air at normal temperatures is used for 
combustion, this range can be materially increased. In the case 
of the Richmond, Indiana, plant, to be described later, the range 
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TABLE 1 CHARACTERISTICS OF COALS FROM MIDWESTERN FIELDS 
Dry 
Dry fixed Dry 
Moisture, Dry ash, volatile, carbon, Dry sulphur, Fusion 

per cent per cent per cent per cent Btu per cent temp, F 
Olio. aye Sioned ae 3.5- 9 7.0-12 36-42 50-54 12500-13800 2.5-4 2050-2500 
Western Kentucky 6.0-10 5.0- 9 35-40 50-55 13300-13800 2.0-4 2000-2250 
Indianae sf hee Eon LOE 6.5-15 37-44 46-55 12400-13400 1.0-5 1900-2500 
Tilinois Gaetan soe 7.0-15 7.5-15 35-40 50-57 12400-13400 1.0-5 1900-2500 
LOW Sig sete poateess rsereie 15.0-20 12.0—-20 35-40 35-40 9800-10500 4.0-6 1900-2200 
Kramsaspertnccmrerencicis 2.0-12 6.0-16 34-40 45-50 10500-13800 3.0-6 1900-2300 


of load is from 30,000 to 100,000 lb of steam per hr, with a burn- 
ing rate for the minimum load, using Indiana Fifth Vein coal of 
11,250 Btu, as received, of 14 lb per sq ft per hr. At 100,000 lb 
of steam per hr, the burning rate is 50 lb per sq ft per hr. The 
established operating efficiency of this unit for its load range has 
been at least 83 per cent over long periods of operation. 

Without water cooling and under the same load and conditions, 
an increase of 25 per cent of grate area would be required to hold 
the burning rates down to prevent undue maintenance. With 
the larger grate area required, the over-all operating efficiency 
would be materially lowered, due to very low burning rates at 
the light load conditions. 

Thus it can be seen that the water-cooled stoker has a dis- 
tinct advantage in covering a wider range of load more efficiently 
by being able to employ a decreased grate area. 

An actual comparison of air-cooled and water-cooled stokers 
has been made in the power plant of the Pittsburgh Plate Glass 
Company, Barberton, Ohio, using Ohio coals. The No. 8 unit 
with a water-cooled stoker has been in operation 2 years, and the 
following tabulation gives the performance of this unit over that 
period: 


Pressure; gage; PSs cee tenon POA Sama eae 825 
Totalisteam, tem perature; lean caer en eee 750 
Airtemperature toOvstOkel, Eee atmo ee nee ere eee 300 
Continuous capacity (maximum), lb per hr............. 200000 
Totalsteaming time, /nre ate ae nee eee Cee 14513 
Coaliburned: tons:teeoc ce ance ee ee eee 143568 
Steaming time, percents. .cc. cee yee Eee ee 82.8 
Capacity factors per con tr adai- ni oe ee eee ee 72.4 
Full-load capacity for actual steaming time, per cent of 87.4 


The average combustion rate, covering the years 1938 and 
1939, for the No. 8 water-cooled unit was 46 lb per sq ft per hr, 
as compared with 38.3 lb per sq ft per hr for the No. 7 air-cooled 
unit. 

A new water-cooled unit, No. 3, which has been in service since 
April, 1940, will obviously show improved performance over the 


older units. The range of coals used on this unit is as follows: 
Mairmont:=/s-in. Ni& 8) Btu ae eee eee 13500 
Champion N & § (Pittsburgh Coal Co.), Btu...... 13000 
Ohio; Nox 3 Ni& S3B tute: eee ee eee ere 12500 
Ohio Nowb N&s (Metro); Btu sss iee 10500 


No difficulty has been experienced in burning any of these coals 
up to a rate of 60 lb per sq ft per hr. The temperature of the pre- 
heated air is about 350 F. 

It is the opinion of those responsible for the operation of this 
plant that “The water-cooled stoker is equally as satisfactory 
as the air-cooled stoker at approximately 20 per cent higher fuel- 
burning rate, using 350 F air preheat instead of cold air on the 
air-cooled unit.” 


Description oF No. 3 Unit 


No. 3 unit of the Pittsburgh Plate Glass Company at Barber- 
ton, designed for a continuous capacity of 180,000 lb of steam 
per hr at 860 psi gage pressure, 761 F final temperature, is a 4- 
drum Babcock & Wilcox bent-tube type, containing 15,015 sq 
ft of heating surface; a continuous-tube superheater having 
5200 sq ft of surface; a continuous-loop Elesco economizer with 


7700 sq ft of surface; and a tubular heater of 12,175 sq ft. All 
four sides of the furnace are water-cooled as follows: Front wall, 
682 sq ft of plain area; rear wall, 290 sq ft of plain area, and 176 
sq ft armored; side walls, 190 sq ft of plain area, with 360 sq ft 
armored; total water-cooling, plain area, 1162 sq ft, with 536 sq 
ft armored; furnace volume, 8650 cu ft. 

The water-cooled, 13-retort, mechanical-drive stoker for No. 3 
unit, equipped with a clinker-grinder-type dump, has an area of 
404.3 sq ft, and is designed for a maximum of 350 F. The in- 
duced-draft and forced-draft fans are steam-turbine-driven. The 
stoker was designed for Ohio bituminous coal, having the follow- 
ing approximate analysis: 


Moisture, per conts...0. ssw ae eee eats 2.39 
SAS4 DOM CON bi: pynit.e oot men eee eer RES 11.16 
WMolatile; per cemtscyrc. ccc ae er eee 38.36 
Hixed carbon pericentaiis.. 22. see ees 48 .09 

100.00 
Btu, aS red ecatae Sees oe eet eee 12470 
Beu drys ten tette oo ee cieaens coer er eee ees 12776 
Sulphur; percent... aan seniceiats eats 3.78 
Musionstenip erasures chs ee ea) eee 2200 


Table 2 gives the results of tests, conducted on the No. 3 units 
described. The tests were made with Ohio No. 8 coal of about 


TABLE2 DATA AND See ee TESTS ON NO. 3 


Test mumpberstes . ans 
Daterol testinn....icc cee < 
Duration of test, hr...... 


2 
Feb. 14, 1940 
nets 24 
Steam generated, lb per ‘hea 


153556 


Proximate pnalvee f of Coal Fired Per cent 
Moisture... bE IM DROIT BAe ee 3.56 
FA Oe RE ee CT re en oe eer ee oye 11.90 
Volatile matter c.. 0 §t Choe meet a ten AE 38.53 
Fixed carbon.. 46.01 

Heating value, Btu per 1b “of coal. waar 3 12422 

Combustible (unburned carbon) in refuse, ‘per contac, sae 8.46 

Flue-Gas Analysis at Boiler Outlet. Per cent 
OOD erie Reena POPE ce rs Mime ee ae ore ai Fete 13.24 
(Oe, pat eet A bE rd cS ne ne baer Arco dd 6.03 
CO lasts. sain Ble aiige eee dives Grate eee teen 0.20 
LS ESS OE ee ee ee ema icc Stee c. corm ae ee teech 22, 8 80.53 

CO: in flue gas at economizer outlet........ PA Ae 13.01 

CO: in flue gas at air-heater outlet.................. 13.01 

Temperatures Deg F 
Steam temperature at superheater outlet............... 779.8 
Superheat es. - a. biotite stelelaideia ela es ate < eee 253.5 
Air temperature entering air heater.................... 79.5 
Air temperature leaving air heater..................... 302.8 
Gas temperature leaving boiler.........-.......-.--.-- 695.2 
Gas temperature leaving economizer................... BY fede) 
Gas temperature leaving air heater.................... 369.1 
Feedwater entering economizer........... SS IRE © 222.8 
Water temperature leaving economizer. oo aS. Bir 288.7 
Wet-bulb temperature of air entering system | eee 53.2 

Steam Pressure 
Drumipressure, pai, abs. ics hunt Aen + ae eee eer eD 888 
Header pressure at superheater outlet, psi, abs.......... 858 

Hourly Quantities 
Goal burned ilb: pemhr,....\2. ticle 0 emia eee ora eae ie 13458 
Combustion ‘rate, lb of coal per sq ft of grate per hr..... 45.7 

Heat Balance Per cent 

Heat absorbed by steam and water in economizer, boiler, and 
superheater, including blowdown...............++-2+05- 84.45 

Heat loss due to unburned combustible in refuse.......... 1.30 


Heat loss due to incomplete combustion of carbon (CO).... 0 
Heat loss due to sensible heat in dry gas.............--.- 6 
Heat loss due to evaporation of moisture in coal............ 0.35 
Heat loss due to combustion of hydrogenincoal............ 4 
Heat loss due to moisture supplied with combustion air... . 0 
Radiation and unaccounted for losses........-.-.-+-+++-- 2 


100.00 


average quality. The ash has an initial deformation point of 
2100 F, fusion 2200 F, and fluid 2300 F. 


CARROLL—BURNING MIDWESTERN COALS ON WATER-COOLED UNDERFEED STOKERS 


TABLE 3 DUST WEIGHTS DETERMINED FROM TESTS CONDUCTED AT IOWA STATE COLLEGE 


Rating 325 Grains Total 
of unit, mesh of grains 
lb Total Flue gas or 325 mesh per 
Date, steam Run weight, sampled, above, or cu ft 
1939 per hr no. grains cu ft per cent above of gas 
12-6 65000 1¢ 20.9801 337.38 23.39 3.15 0.0622 
10.52 
12-6 65000 12 39.1397 457.19 27.81 8.9259 0.0856 
27.70 
12-7 80000 2 20.3707 140.61 38.05 7.75 0.1448 
12-7 80000 2 43.71 172.15 20.90 9.136 0.2539 
12-7 80000 3D 22.8896 168.35 29.88 6.84 0.1359 
12-7 80000 3b 58.00 264.25 41.55 24.10 0.2198 
IAN GTA O wistristeset ais! <1 0.15036 


a Two sets impinging bottles used during this run. Weights were added. 
b Ashpit cleaned during this run. 


Norn: These results are with atmospheric conditions, 30 in. Hg and 60 F. 


The results disclose dust loading of !/10 of the guarantee specified, 


RESTRICTION OF Fiy ASH 


With increasing restrictions by the smoke ordinances regarding 
the emission of objectionable fly ash, in addition to smoke re- 
quirements, it is necessary to set a limit in specifying the emission 
of fly ash from any firing equipment. On underfeed-stoker in- 
stallations, without provision other than the usual means pro- 
vided in boiler units for the collection of fly ash, we are specifying 
that the unit shall have an efficiency of collection such that not 
more than 0.5 grain of dust + 44 mu in size shall be present per 
cu ft of flue gas, measured at 70 F, and 29.92 in. Hg barometer. 

On a recent water-cooled underfeed-stoker installation, fly-ash 
tests over a range of loads were conducted. The coal burned had 
the following characteristics: 


IMoistiire sper cent... seme a ne 15.44 
AGH Me perConby). ase em eat er tera neta a 18.62 
WolatileypemCent. a emery ciacegar eta sercrne- terns 32.68 
Pixeducarboms per CON be. 2. eerie = 33.26 

100.00 
IB Gulper! Daan serena Me ane na pac tse oe ial 9282 
Sulphur, per cent...5-..- 4. sie. ses 4.48 
Fusion temperature, F..........------+-+-> 1958 


It is recognized that size consist of the fuel has considerable to 
do with emission of fly ash, especially on some types of firing. 


Grains 
of 325 mesh 
or above 
per cu ft 
of gas 


0.00818 
0.0915 


0.0551 
0.0530 
0.0406 
0.0912 
0.05659 


CoouEep SToKER, RICHMOND PLANT 
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While we cannot be definite in saying that the water-cooled 
underfeed stoker will emit less fly ash than the air-cooled stoker, 
yet, the fact remains that lower wind-box pressures prevail at the 
same burning rates due to a more homogeneous fuel bed, result- 
ing in a more uniform air distribution, made possible by the 
cooling of the tuyéres and the absence of adhering clinkers. 
Through the courtesy of the Chicago Smoke Department we 
were permitted to use their equipment on this test. This equip- 


Fic. 2. InTeRIoR Virw, SHOWING SIDE WaTERWALLS OF WATER- 


Fig. 1 Borter Unit No. 4 or THE MUNICIPAL Evecrric Lichtinae Fie. 3 ANOTHER Vinw OF THE WATER-COOLED STOKER AND THE 
Stpe WATERWALLS 
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ment has been described in a recent article.2 The results are 
given in Table 3. 


DESCRIPTION AND RESULTS OF WATER-COOLED STOKER UNIT AT 
RicumonpD, Inp1ANa, MounicipAL PLANT 


Boiler. This Richmond unit, designed for a continuous ca- 
pacity of 100,000 lb of steam per hr at 430 psi gage pressure and 
825 F final temperature, is a Babcock & Wilcox 4-drum, bent- 
tube type, containing 10,112 sq ft of heating surface, with a 
pendant-type superheater having 2218 sq ft of surface, and a re- 
turn-bend economizer of 3350 sq ft. All four sides of the furnace 
are water-cooled, as follows: Front wall, 440 sq ft; rear wall 
142 sq ft with 95 sq ft armored; side walls partially water-cooled, 
126 sq ft, and 306 sq ft armored; the remainder of the upper 
walls is refractory. The total plain surface is 708 sq ft and the 
total armored surface, 401 sq ft. The furnace volume is 5140 cu 
ft. 

Hagan automatic control is installed, together with complete 
instrumentation of the unit. 

Stoker. The stoker is a continuous-dump, 9-retort, hydraulic- 
drive, Taylor water-cooled unit with an area of 255 sq ft, designed 
for a maximum air temperature of 80 F, to burn Indiana coal. 
The induced-draft fan has two motors on the same fan for 2-speed 
control. 

Overfire air from a plenum box, extending across the entire 
furnace width and supplied from the main mud box, is distributed 
above the fuel bed by a series of nozzles inserted through the 
front waterwall tubes. 

This unit was placed in service in March, 1939. The record 
made during a continuous run from August 1, 1939, to January 
22, 1940, when the unit was taken out of service for inspection, is 
given in Table 4. 


TABLE 4 PERFORMANCE OF RICHMOND UNIT DURING CON- 
TINUOUS RUN AUG. 1, 1939, TO JAN. 22, 1940 


Total continuous service, hr... . 2-645 oe ee eee ee eee 4184 
Total steam generated, lb....-.......-5+- ++ eee ese esse es 256,935,500 
Potal coal burned, bis soc oer e eae te ete oor Eee 30, 473, 400 
Average evaporation, Ib.......... sees ee eee ee ee eee 8. 43 
Average heat value of Indiana coal (as Grea) yb tilecenen er <= 11,266 
Total heat per lb of steam generated (435 lb eae 700 F total 

im NOs bone raD coedon ome a noc Goce OR On a. ons obo 1358 
Bae in feedwater to economizer above 32 F (270 minus 32), abh 
Btu added to steam generated in unit....... a 1120 
Combined efficiency (entire Bemed), per cent....... 83.8 
Average steam per hour, lb 5 Pn, Oar ae 61,500 
Minimum loads as low. a8, WOw....226 25 he ee om ee 25,000 


Maximum loads as high as, lb..........6 0c ee ees e terete 120,000 
Guaranteed performance at 75,000 lb of steam per hr, per cent : 


TRANSACTIONS OF THE A.S.M.E. 


APRIL, 1941 


draft loss or efficiency. No new stoker parts were installed at 
this inspection, or at any previous inspection. The slagging 
was cleaned up, and the unit returned to service. It has been in 
continuous service ever since, with equal efficiency. 

Six different grades of Indiana Fifth Vein screenings were used 
during this run, and no difficulty was experienced with any of 
these fuels. The characteristics of these coals are given in Table 
5. 

The availability factor for the period from August 1, 1939, to 
April 30, 1940, was 98.4 per cent; the efficiency for the entire 
period was 83.1 per cent. 


TABLE 6 ACCEPTANCE TEST ON RICHMOND UNIT; HEAT 


BALANCE AT GUARANTEED POINT 
75,000 Lb per Hr 
Btu Per cent 
Heating value of fuel, dry basis..................... 12892.00 100.00 
Heat absorbed by water in economizer. ede tiaate he 520.84 4.04 
Heat absorbed by water and steam in boiler..... 


Heat absorbed by steam in superheater.............. 
Heat absorbed by steam-generating unit. 


Heat loss due to moisture in coal. . 168.89 1.31 
Heat loss due to water from combustion of hydrogen.. 555.64 4.31 
Heat loss due to moisture im air................0.... 21.92 Orly, 
Heat loss due to dry chimney gases. eon: 1063.59 8.25 
Heat loss due to unburned gaseous combustible. a Pomeae won , 
Heat loss due to unconsumed combustible in refuse. . 198.54 1.54 
Heat loss due to unconsumed hydrogen, hydrocarbons, 
radiation, and unaccounted for..................-- 235.92 1.83 
Mota ldny: Dass eeepc sete cote ten ances force etic 12892.00 100.00 


TABLE 7 POWER CONSUMPTION; MEASURED HORSEPOWER 
INPUT TO AUXILIARIES 


Load, lb of steam per hr 50000 75000 100000 
Borced-drattsian's sacs. s ho estan sap aerate 29.8 32.0 38.2 
Induced-draft fan...... Re SNS eee Artes 23.0 30.83 67.44 
Hele-Shaw: stoker Grives:.. 2200 aw ones on fe! 7.0 7.0 7.0 
TPotallhpyn pul nase eee eee ee 59.8 69.83 112.64 
Biquivalentikwererciisrion) ae So icettsiiie, oieanieg se ees 44.9 52.5 84.6 
Tons conlnned Per Nis icp h ae 6 pean teas enens 2.80 4.3 5.79 
Input per kw per all auxiliaries per ton of coal as 

Teas LA Ae >, aeRO Me Cie arin SEN mec 16.0 12.2 14.6 

TABLE 8 ANALYSIS OF ATKINSON COAL 

As fired, Dry, 

per cent per cent 
Rioemare EO eee ak Ee REE ee 18.27 ae 
DNC Nic Meet ORE pe kas eee 10.01 12.25 
Volatiles. dr en a nie mieten: oe eee 34.12 41.75 
ized carbon eco: 4.3. banshee oe eee 37.60 46.00 

100.00 100.00 
Sulphurte ect we aoc re eee ter ee 2.87 3.50 
123450 01) | OPE Rem RRO eran. Noto o-crd-n as ee 10053 12300 
Fusion temperature F 1930 F 


TABLE 5 CHARACTERISTICS OF FIFTH VEIN INDIANA 1!/2-IN. SCREENINGS 


Name of coal Hercules 
Moisture, Pere Cent eer ; 11.41 
Ash, per cent. (ee as 9 LO de 
Btu.. SV a arsed ied LS 7s: 
Sulphur, per cent. 2.90 
Fusion temperature. of ‘ash, in, 2200 


The commercial performance of this unit over the entire op- 
erating period approximates very closely the guaranteed and 
predicted performance set up in the contract. 

A careful inspection of the unit at the conclusion of this run, 
after having burned 23,000 tons of coal since March, 1939, re- 
vealed no indication of any burning of either tuyéres or tuyére 
supports in any of the nine retorts. The kicker bars and over- 
feed mechanism were practically in their original condition. 
Some indication of overheating was noted on the steplike ends of 
the bars. The dump plates, with the exception of two regions 
about 4 in. diam where they were burned, were in perfect con- 
dition. 

The slagging on the first bank of boiler tubes, which is pro- 
tected by a slag screen, was not enough to interfere with the 


2 “T.ow-Cost Flue-Dust Sampler,’’ Power, April, 1940, pp. 70-72. 


Knox 


Patoka Elberfeld Panhandle Enos 
9.91 8.75 10.15 10.18 
8.95 10.78 9.94 10.18 

11950 11440 11205 11462 
3.59 3.50 2.79 3.98 
2200 2210 2230 2110 


All of the auxiliaries are electrically driven. The induced- 
draft fan has a low- and high-speed motor. 

The 50,000- and 75,000-Ib? per hr loads on the unit were carried 
by the low-speed motor; and the effect of the high-speed motor 
on the 100,000-lb load is reflected in the higher consumption of 


current per ton of coal fed to the stoker. 


Reports From Orser Puants Usinc Mipwrstern Coats 


Municipal Light & Power Plant, Fremont, Neb. This plant has 
a water-cooled crusher-roll-type stoker, and is designed to gener- 
ate 75,000 lb of steam per hr at 400 psi gage, and 750 F total steam 
temperature. 


3 As this unit was designed for maximum over-all economy at 
75,000 lb, it is interesting to note that the actual results reflected this 
economy at the desired point. 


CARROLL—BURNING MIDWESTERN COALS ON WATER-COOLED UNDERFEED STOKERS 


The unit is burning Kansas coals originating in the Pittsburgh 
district. Although these coals carry a relatively high Btu, from 
12,400 to 12,700 the fusion temperature of the ash consistently 
ranges between 2000 and 2100 F. 

This unit recently completed a continuous run of 237 days, or 
5670 hours. During that period the combined efficiency was 
83.4 per cent when burning the Kansas coals of approximately 
2000 F ash-fusion point. 

Municipal Light Plant, Greenwood, Mississippi. This plant 
has a 6-retort, 41-tuyére, water-cooled C.A.D. stoker, having 
the same retort design as now used at Richmond, Ind. Coal origi- 
nating in Webster County, Kentucky, has been used. The 
author has been advised that 11,000 tons of coal have been 
burned without replacement of a single part. 

Towa Electric Light & Power Company, Cedar Rapids, Iowa. 
This plant has probably burned more Midwestern coal on water- 
cooled underfeed stokers than any plant in the country with 
results reported as follows: 

“Regarding the underfeed stokers referred to, four of these 
stokers were started on Atkinson coal in 1934, and four in 1935. 
This report will show the total amount of coal burned from the 
time the stokers were first started on Atkinson coal until the 
first of the year 1940. The total coal on the eight stokers is 
574,772 tons. 

“In 1935, we installed one stoker of the crusher type, water- 
cooled; and until January, 1940, this stoker burned 82,450 tons. 
The total cost on this particular stoker is 2.226 cents per ton of 
coal burned. 

“The balance of the stokers had considerable work done on 
them last year, which was all on the outside of the stokers, such 
as ram boxes, crankshafts, crankshaft bearings, and gears. We 
did not feel that the total amount of this expenditure should be 
charged against the Atkinson coal, as these stokers were installed 
at least 10 years previous. 

“On these stokers we have tabulated the amount of the ex- 
pense on the inner parts of the stokers, such as pushers, tuyéres, 
tuyére supports, and other items on the inside of the firebox. 
This cost is 4.758 cents per ton, made up as follows: Pushers, 
1.108 cents; tuyéres, 1.827 cents; remainder of stokers, such as 
side frames, dump plates, and other internal parts, 1.823 cents. 

“Some of this cost also includes experimental work with the 
water-cooling system, as we made about four changes before we 
actually achieved the desired results. 

“The average coal-burning rate on the fuel-burning portion of 
the stoker is 42 lb per hr; we have run on a week’s test as high 
as 60 lb per hr. 

‘In regard to the date we first started experimenting with 
water-cooling, this was the early part of 1933.” 

Libbey-Owens-Ford Glass Company, Rossford, Ohio. ‘“The 
Libbey-Owens-Ford Glass Company had three bent-tube boilers 
of 12,500 sq ft area at the Rossford, Ohio, plant. These boilers 
were equipped with water-cooled side and rear walls, and mul- 
tiple-retort underfeed stokers. 

“In order to widen the range of fuels that could be burned, 
it was decided in 1937, to modify these three stokers to include 
water-cooled grates. As a result of these changes, we have 
widened the range of coals that can be burned to advantage, and 
thereby placed ourselves in a better position to purchase any 
coals. 

“We have burned on these stokers, since water-cooling them, 
over 75,000 tons of coal. At times we have operated only one 
boiler, and at other times three boilers, according to the steam 
demand. 

“The ratings normally vary from 75 to 225 per cent; the aver- 
age rating is approximately 175 per cent. The average over-all 
operating efficiency is better than 80 per cent. 
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“The stokers installed under boilers B and C have just been 
overhauled at a cost of less than $300 each for material and labor. 
The stoker installed under A boiler will be repaired at a later time. 

“Approximately 50 per cent of the coal burned was Ohio No. 
8 fusing at 2100 F. The remaining 50 per cent was West Vir- 
ginia and Kentucky coal containing ash which fuses from 2400 
to 2600 F. The temperature of the preheated air varies from 
280 to 310 F. We have not had to take a boiler off the line in 2 
years as a result of stoker trouble.” 


ApvANTAGES OF WatTER-Cootep Grates oN MIDWESTERN 
Coats 


Some of the advantages of water-cooled-stoker installations 
burning Midwestern coal, as compared to air-cooled stokers using 
the same fuel, have been noted as follows: 


1 There is more uniform flow of coal, with a consequent 
ease of distribution. 

2 A more homogeneous fuel bed has been noted than with 
straight air-cooled stokers; and better air-distribution results. 

3 The size of clinkers, with proper burning rates for coal, 
has not been objectionable, and they have been easily discharged 
automatically under the bridge wall with continuous-dump de- 
sign. 

4 There is every indication that the maintenance will be 
low. 

5 Indications are that the power consumption is lower. 

6 The range of fuels with low ash-fusion characteristic is 
greater; and the flexibility of fuels is greater. 

7 Test efficiencies are more closely approximated in regular 
plant operation than on the air-cooled stoker because of the ease 
in obtaining high CO, in water-cooled units. 

8 The availability of the unit is materially increased. 

9 With crusher-type water-cooled stokers less artificial cool- 
ing of the ash is required, and, consequently, less moisture put 
into the flue gases. The quick chilling of molten ash particles 
assures a continuous and even flow of fuel. 

10 The water-cooled stoker provides an additional factor of 
safety against careless operation. 

11 A distinct purchasing advantage is obtained in that fusion 
temperature and sulphur content are not limiting factors, as is 
often the case without water-cooling. 

12 Greater latitude of operation. 


Discussion 


T. C. Cueastey.! There certainly can be no doubt as to the 
care exercised by the author in securing data to present in this 
paper. Also, I think all of us will agree, the statements he has 
made are conservative and will stand close scrutiny. 

Unfortunately, there has been comparatively little opportunity 
for most of us to see water-cooled tuyéres in operation and we 
must, therefore, draw on our imaginations a good deal to visualize 
the results reported. 

Certain it is that the burning of most Midwestern coals has 
presented problems to the designers of furnaces and boilers as 
well as to operating engineers unless, and except, the burning 
rates have been held at fairly low maximums. , 

It is generally conceded that the washing of Midwestern coals 
has done much to improve operation and to reduce stoker and 
furnace maintenance, but it is the opinion of some of us that the 
average coal in the average plant is not being given the oppor- 
tunity to produce its highest combustion efficiency. 


4 Fuel Engineer, Sinclair Coal Company, Kansas City, Mo. Mem. 
A.S.M.E. 
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By this is meant the frequent departure from fundamentals in 
speaking of stoker operation, and also in actual operation. We 
speak of the ‘‘pounds of coal burned per square foot of grate area”’ 
and, of course, there is no such operation as burning coal in an 
underfeed stoker, i.e., if the stoker is being properly operated. 
A stoker does not burn coal, it converts coal to coke, which is 
burned in progression. The fact that. we talk and think in 
“pounds of coal burned” is, in the writer’s opinion, at least in part 
responsible for some of the high maintenance costs mentioned. At 
the same time this condition causes some rather good coals to 
become discredited. 

Extremely high excess air “at the point of volatile release,’ 
is probably largely responsible for this, and the ‘‘average’”’ COs, 
shown at the usual point of taking gas samples, does not tell the 
whole story. Undoubtedly, the water cooling of tuyére areas, 
which are exposed to high temperatures, will reduce the build up 
of temperature in the stoker parts, and thus should decrease 
maintenance costs by prolonged life of these parts. However, as 
the writer views the situation, the chief benefits, as stated by 
the author, should be the opening up of greater selections of coal 
with the advantage in many cases of very much lower delivered 
prices and lower steam costs. 


F. 8. Scorr.6 Definite and marked improvements have been 
made in underfeed stokers in recent years. It will satisfactorily 
meet the present more exacting requirements of steam-generating 
plants. 

This paper describes the water-cooled stoker and its contribu- 
tion to the art. The idea of water cooling a stoker is not new. It 
isan advancement of the art. Its development has been retarded 
by the physical difficulties which are refiected in the cost. 

The Westinghouse Hlectric & Manufacturing Company has 
developed the underfeed stoker along different lines from water 
cooling. Our development of the link-grate stoker has made a 
definite improvement in the ability of the underfeed stoker to 
handle Midwestern coals. High efficiency, low maintenance, and 
good reliability are obtained. 

This link-grate underfeed-type stoker was first installed in 1928. 
At first it was only applied with a clinker-grinder-type stoker. 
The continuous-ash-discharge type without a clinker grinder was 
first installed in 1931. At present there are more than 150 con- 
tinuous-ash-discharge link-grate stokers and over 85 link-grate 
clinker-grinder stokers in operation, using all types of bitu- 
minous coals, from those mined in Iowa to the Eastern low-vola- 
tile or Pocahontas-type coals. 

There are 72 link-grate stokers in operation on Midwestern 
coals with a base-load capacity in excess of 5,000,000 lb of steam 
per hr. The peak-load capacity is considerably above this figure. 


BuRNiInG Rates 


The author expresses the opinion that 35 lb of coal per sq ft 
per hr of projected grate area is conservative for continuous opera~ 
tion with air-cooled underfeed stokers using Midwestern coals. 
The writer’s experience indicates that, if such rates are applied 
to link-grate underfeed stokers, it unnecessarily increases the first 
cost and causes difficulties at low loads. 

It is very important that serious consideration be given to burn- 
ing rates on these stokers. The difficulties can be as great with a 
stoker that is too large as with one that is too small. The maxi- 
mum burning rates on underfeed stokers are determined by the 
ability of the fuel bed to stay on the grates. High air velocities 
cause the coal to “blow” or lift from the fuel bed, thereby limiting 
the maximum burning rates. The velocity of the air is deter- 
mined by the quantity flowing through the fixed area of tuyére 


5 Stoker Engineer, N. W. District, Westinghouse Electric & Manu- 
facturing Company, Chicago* II. 
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openings. The quantity of air flowing, when the excess air is 
constant (or CO), is in turn determined by the “heat duty” or 
the combustible burned. Expressing “‘heat duty” in other terms, 
it is the Btu released from the coal per square foot of projected 
stoker area per hour. 

For many years we have based our engineering on Btu release 
per unit area with due allowance for the agglutinating quality 
of coal which is a measure of its resistance to being blown away. 
Without exception, the predicted combustion rates have been 
readily maintained. 

There are two parts which require cooling when a stoker is 
burning coal, i.e., the grates and the ash adjacent to the 
grates. If the ash near the grates is cooled well below the “sticky” 
state and the grates are also cool, there will be no difficulty with 
the movement of the fuel bed and no burned stoker parts. It is 
a known fact that high velocities of fluids flowing past solids 
cause better heat transfer than low velocities. Therefore, the 
writer believes it to be logical to state that high air velocities 
through the stoker tuyéres, but within the practical limits, will 
cool both the grates and the adjacent ash better than very low 
velocities. This fact has been demonstrated in practice. Where 
stokers have been operated at very low rates or on “bank” for 
long periods of time, the fuel bed becomes loaded with large 
clinkers, the stoker iron can be observed “red hot,” and parts are 
burned. These large clinkers are then difficult to move when the 
load is increased. This indicates some of the dangers inherent in 
selecting a stoker that is too large. 

Stokers can also be selected which are too small. The lack of 
induced draft or insufficient “black” surface exposed to the fire 
in the furnace is the more frequent cause of difficulties with fuel 
beds when the load on the boiler has been increased. It is indi- 
cated that burning rates should not be considered in pounds 
of coal burned per sq ft per hr because a stoker is primarily a 
machine for converting the potential heat in coal to sensible heat 
in gases. Burning rates should be measured by the heat duty or 
the Btu release per square foot per hour. We are interested in 
materials handling only in so far as it affects the efficient produc- 
tion of heat for use by the heat-exchanging apparatus. 

It is thought to be generally considered that 40 lb of coal per 
sq ft per hr of projected grate area is conservative practice for 
continuous loads when using Eastern coal of 14,000 Btu per lb 
as received. This is 560,000 Btu heat release per sq ft per hr of 
projected area. If the same rate in pounds per square foot is 
used for Midwestern coals of 11,000 Btu per lb as for Eastern 
coals, the heat release would be 440,000 Btu per sq ft per hr or a 
reduction of 21.5 per cent in the heat-release duty per square 
foot of projected stoker area. If the same rate of heat-release 
duty is used for Midwestern coals, as for Eastern coals of 560,000 
Btu per sq ft per hr, the rate in pounds of 11,000-Btu coal would 
be about 51 lb per sq ft per hr. This shows an increase in material 
passed over the stoker of about 27.5 per cent with no increase in 
the heat-release duty. 

The nature of the constituents of the ash in Midwestern coals 
and their behavior when subjected to furnace conditions indicate 
that the heat duty should be reduced on stokers using them as 
against Hastern coals. Long experience indicates that 21.5 per 
cent reduction in heat duty is considerably greater than is neces- 
sary or economical. 

A 10.7 per cent reduction in the heat-duty rate of 560,000 Btu 
per sq ft per hr to 500,000 Btu per sq ft per hr of projected stoker- 
grate area is conservative. Even though the heat-duty rate has 
been dropped to 500,000 Btu per sq ft per hr, the amount of ma- 
terial passed over this stoker area is increased from 40 lb per sq 
ft per hr to 45.5 lb per sq ft per hr. These figures are quite con- 
servative in that there is a considerable number of stokers which 
are operating satisfactorily at base loads above this point. 


CARROLL—BURNING MIDWESTERN COALS ON WATER-COOLED UNDERFEED STOKERS 


This brief discussion leads to the conclusion that the basic and 
most important item in determining the desirable burning rates 
for stokers is the Btu heat release per square foot per hour of 
projected grate area. 

It has been found that, with Indiana, Illinois, and similar coals, 
air-cooled link-grate underfeed stokers operate best, throughout 
their load range, with a continuous maximum burning rate of 
500,000 to 550,000 Btu heat release per square foot per hour of 
projected area. If the coal has 11,000 Btu per lb, this is a rate 
in pounds of coal material passed over the stokers of 45.5 to 50 
Ib per sq ft of projected stoker area. 

Loads of from 4 to 6 hours in duration can be satisfactorily 
carried up to 825,000 Btu per square foot per hour or 751b of 11,000- 
Btu coal per sq ft per hr. 

Our experience with many stokers indicates that the link-grate 
underfeed stoker can conservatively burn more coal per square 
foot per hour, with all the advantages named by the author, 
than he feels can be justified with the special water-cooled stoker. 
To demonstrate the foregoing point the following examples are 
given: 

One installation of two 7-retort link-grate continuous-ash-dis- 
charge stokers in Iowa burns Iowa coal of 8500 Btu per lb to 
10,500 Btu per lb. The stokers having 178 sq ft of projected grate 
area have been in operation more than 2 years. During the 
last year the maintenance has been less than 2 cents per ton of coal 
burned. The normal continuous load with 10,500-Btu coal is 
40 Ib per sq ft per hr or 420,000 Btu heat release per sq ft of pro- 
jected area. The same normal continuous steam output is car- 
ried when this plant burns 8500-Btu coal. The rate with 8500- 
Btu coal is 49.5 Ib of coal per sq ft or a heat release of 420,000 
Btu per sq ft of projected area per hr. 

No difficulty has been experienced up to the limit of the in- 
duced-draft fans or 20 per cent above these figures. The ef- 
ficiencies being obtained are approximately the same as those 
guaranteed. 

Another set of installations consisting of five identical stokers in 
three different plants burns various kinds and grades of Indiana 
and Illinois coals of approximately 12,000 Btu per lb as received. 
The normal continuous load carried on these stokers of 153 sq ft 
of projected area is about 46 lb per sq ft or 550,000 Btu heat re- 
lease per sq ft per hr. The induced-draft fans limit the maximum 
load to a rate of approximately 59 lb per sq ft per hr or 710,000 
Btu per hr of projected stoker area. 

These units have been installed more than 2 years. The 
maintenance for these stokers has been less than 1 cent per ton 
of coal burned. 


EFFICIENCY 


Another point the writer would like to comment upon briefly 
is that of boiler-unit efficiency. A comparison of boiler-unit 
efficiencies of units carrying different pressures and of different 
designs means but little when the discussion concerns firing equip- 
ment only. The efficiency of firing equipment, or the combustion 
efficiency when the coal is the same, depends upon three factors 
which may be varied (1) the excess air in the products of com- 
bustion in the furnace, as measured by the per cent COx, (2) the 
combustible loss to the ashpit, (3) the soot and cinder loss. The 
greatest of these losses is that in the dry gases or that due to ex- 
cess air, as measured by the per cent CO; in the products of com- 
bustion. é 

The author has shown that both the ashpit loss and the soot 
and cinder loss are low with underfeed-stoker firing. He has 
shown in one place the percentage of CO, at the boiler outlet. 
This is for the water-cooled stoker at Barberton, Ohio—it is 
13.24 per cent. 

In the first example previously mentioned in this discussion, the 
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CO, averages 13.5 to 14 per cent at the boiler outlet, in daily 
operation. 

The second set of installations using Indiana and Illinois coals 
averages 14 to 15 per cent CO; at the boiler outlet, in daily opera- 
tion. 

A modern boiler unit, fired by a link-grate underfeed stoker, will 
produce in excess of 14 per cent CO: at the boiler outlet without 
stack smoke and no use of secondary air at continuous burning 
rates up to 550,000 Btu per sq ft per hr of projected stoker area. 


ApvanTAGES CLAIMED For LinK-GRATE STOKERS 


The author indicates that the water-cooled underfeed stoker 
shows certain advantages over similar air-cooled stokers. It is 
claimed that the link-grate underfeed stoker shows advantages 
over other types of underfeed stokers burning Midwestern coals 
as follows: 


1 More uniform flow of coal and, therefore, more even distil- 
lation of gases and burning of coke. 

2 Absence of large clinkers at the rear of the stoker makes it 
possible to burn out more of the combustible before the refuse 
enters the ashpit. 

3 Maintenance is low. 

4 The range of fuels is greater so that the ash-fusion point 
of the coal is relatively unimportant. It is possible to handle 
coal satisfactorily with an ash content of 25 per cent or more. 

5 ‘Tests efficiencies can be closely approximated in regular 
operations. 

6 Reliability is increased. 

7 High continuous capacities are easily obtained. 


R. L. Swinney.* The author mentions the trend toward one- 
boiler-unit operation in a single plant. This trend is the result 
of the increasing number of steam-generating units which are 
demonstrating their ability to stay in continuous service over 
long periods of time. 

The unit at the Richmond, Indiana, municipal plant is men- 
tioned as having been in continuous service for a period of 175 
days or approximately 6 months. 

There are many other similar records of units burning pulver- 
ized coal, oil, and gas, some of these plants having 100 per cent 
feedwater make-up. 

Progress in the art of feedwater treatment and improvements 
in the design of water-cooled furnaces and fuel-burning equipment 
have made these records possible, but much credit is due the 
operators of plants where such records have been established. It 
is predicted that properly designed steam-generating units will 
be more generally accepted as having dependability for continu- 
ous service approaching that of turbines. 


A. W. Tuorson.? The author is to be commended for bringing 
the literature up to date on the subject of his paper. It is gratify- 
ing to know that numerous installations of this type of equip- 
ment are performing satisfactorily as indicated by the wealth of 
operating data included in the paper. 

The text and part of the discussion have specified. maximum 
combustion rates either in pounds or Btu per square foot per hour. 
The writer would suggest that the safe maximum burning rate 
depends not only upon the heating value of the fuel but to a con- 
siderable extent upon the ash content and the fusion characteris- 
tics of the ash. 

Does the use of the water-cooled stoker bring about any reduc- 
tion in investment costs? It appears that it might, inasmuch, as 
steam-generating capacity is increased by the stoker-cooling tubes 


6 Sales Engineer, The Babcock & Wilcox Company, Chicago, Til. 
7 Assistant Fuel Service Engineer, Chesapeake and Ohio Railway 
Company Mem. A.S.M.E. 


190 TRANSACTIONS OF THE A.S.M.E. 


and the cost of the stoker itself is probably not much higher; and 
also because the maximum possible combustion rate appears to 
be higher with water cooling than without for the same fuel. 


AvuTHOR’s CLOSURE 


Mr. Scott’s discussion has introduced some _ interesting 
information concerning the developments of non-water-cooled 
stokers. It is the author’s opinion, however, that the informa- 
tion furnished by Mr. Scott is largely the commercial viewpoint 
of one manufacturer. 

As brought out in the evidence presented in the paper, the ex- 
perience of users is that claims for the link-grate-stoker perform- 
ance, when burning Midwestern coals, are not as consistently 
maintained as where the water-cooled grate is employed, par- 
ticularly at the higher coal-burning rates when using preheated 
air. Therefore, it is logical to conclude, from the experience of 
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users, that water cooling will afford more consistent and reliable 
protection for the grate than when the sole grate-cooling medium 
is air. The flow of water through the cooling tubes is not affected 
by fuel-bed thickness, porosity, or characteristics of the coal; 
while uniform and desired air flow through the grate is influenced 
by these factors. 

The matter of burning rates mentioned by the discusser is one 
of proper application to the particular coal under consideration, 
and it is doubtful whether a fixed rate of heat release can be used 
to cover the characteristics of all Midwestern coals. The rates 
set up by the author were determined from long experience in 
connection with the average coals of the Midwest. 

The burning characteristics of Midwestern coals are too greatly 
diversified to establish any definite percentage of reduction in 
heat duty when burning these coals, and it is a matter of careful 
decision on the part of the engineer in setting grate areas. 
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The Fuel-Bed Tests at Hell Gate 
Generating Station, 1937-1958 


By M. A. MAYERS,! W. H. DARGAN,? JOSEPH GERSHBERG,' B. C. DALWAY,! M. J. WILLIAMS,5 
anp E. R. KAISER® 


This paper is a final report on fuel-bed tests at Hell 
Gate Generating Station and includes some of the conclu- 
sions reached in the authors’ study of the data up to this 
time. The fuel bed of a multiple-retort underfeed stoker 
is shown to consist of vertical strata parallel to the center 
lines of the retorts and tuyére stacks in which coking and 
ignition processes occur along the entire length of the 
stoker. The actual burning of the carbonized fuel occurs 
largely by overfeed action in the burning lanes where the 
temperature and pressure gradients are determined by 
the rate of primary-air flow, and the gases, rising from 
the burning lanes, may require the addition of secondary 
air for complete combustion. It is shown that control 
of the contour of the fire in operating practice may affect 
not only the amount of coke blown from the fire and the 
degree of gas stratification in the boiler passes, but also 
the severity of treatment to which the stoker iron is sub- 
jected. 


INTRODUCTION 


HIS report gives the results of measurements of the tem- 
leas gas analyses, and the air and gas pressures in 

the fuel bed of a typical large commercial underfeed stoker. 
The work continued the studies of the Coal Research Laboratory 
of the Carnegie Institute of Technology on the nature of combus- 
tion processes, and arose from a desire to apply the results of pre- 
vious work to the fuel beds which exist in commercial equipment. 
The Consolidated Edison Company of New York expressed its 
interest in such measurements and offered its cooperation, if a 
practicable program could be worked out. The Coal Research 
Laboratory invited the participation in the project of the staff of 
Bituminous Coal Research, Inc., at Battelle Memorial Institute, 
because of their interest and experience in the investigation of 
combustion problems. The research organizations submitted a 
tentative program on March 17, 1937, which called for the inves- 
tigation of the following main variables: (a) The rates of flow of 
coal and air; (b) temperatures; and (c) gas compositions at vari- 
ous points in the fuel bed. The temperatures and gas pressures 
were to be observed, and gas samples for analysis drawn by the 
use of probes of refractory material inserted into the fuel bed from 
the wind box through holes in the stoker iron. The influence on 
the three variables of the following operating factors was to be 


1 Coal Research Laboratory, Carnegie Institute of Technology, 
Pittsburgh, Pa. Mem. A.S.M.E. 

2 Research Bureau, Consolidated Edison Company of New York, 
New York, N. Y. 

3 Technical Service Department, Consolidated Edison Company of 
New York, New York, N. Y. Mem. A.S.M.E. 

‘Contract Control and Inspection Department, Consolidated 
Edison Company of New York, New York, N. Y.; formerly Techni- 
cal Service Department, Consolidated Edison Company of New York. 


5 Pittsburgh Coal Company of Wisconsin, Duluth, Minn.; for- 
merly Pittsburgh Coal Company, Pittsburgh, Pa. 
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Contributed by the Fuels Division and presented at the Annual 
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determined: the rate of burning, the amount of excess air, the 
contour of the fuel bed, the size and size consist of the coal, and 
the kind of coal. It was estimated that the studies would require 
at least 6 months if only a few coals were studied. 

The tentative program was approved by the Consolidated 
Edison Company on April 9, 1937. Hell Gate Generating Sta- 
tion was chosen for the tests because the existence of an isolated 
bunker at that station would facilitate the use of different coals 
during the tests. It became apparent on trial that it would be 
unsafe for men to work in the stoker wind box principally because 
of the danger of serious injury in the event of a furnace-wall tube 
failure. Inspection of the stokers installed in the station showed 
that only on the seventh-row stokers was it possible to insert 
probes into the retorts from below without interference with the 
links operating the secondary rams. Hence, an isolated working 
place from which the probes could be handled was built into the 
wind box of boiler No. 73 while it was out of service for routine 
maintenance in July, permitting preliminary tests of the probes 
during the two-week period, August 19 to September 4. 

These tests showed that the isolated working place, later known 
as the doghouse, provided adequate safety and convenience for 
the test crew, and that the routine of the fuel-bed tests did not 
interfere with operation of the boiler. They also showed that it 
was feasible to insert probes into the fuel bed from below, but in- 
dicated that certain changes in their design were desirable. New 
probes designed in accordance with these indications were made 
and testing was started November 1. By January 1, 1938, the 
equipment had been tried out and a single series of measurements 
at a low burning rate had been finished. These data were em- 
bodied in a first progress report distributed to the parties to the 
investigation at the end of February. 

On January 1, 1938, Bituminous Coal Research, Inc., withdrew 
from cooperation in the project, because the funds it had allotted 
to the work were exhausted. The program was continued by the 
Consolidated Edison Company and the Coal Research Labora- 
tory with the assistance of the Pittsburgh Coal Company. Three 
additional series of tests were made in which the load, the per- 
centage of excess air, and the fire contour were varied separately, 
but in all of which the same coal, one normally used in the station, 
was fired. In these series, traverses were made at three sections 
in the stoker but, as examination of the data indicated the action 
of the stoker to be much the same at all sections from the neck to 
the pit, measurements in the last three series, in which special 
coals were fired, were made at only one section in the center of 
the stoker. Active testing was finished by April 29, 1938, and 
the motion pictures of fuel-bed behavior made as a part of this 
project were completed during the week ending May 14. 

The results of the last six series of tests were submitted to the 
sponsors in a second progress report, distributed in October, 1938. 
A report embodying an outline of the results and tentative conclu- 
sions subject to revision was presented orally before the annual 
meeting of this Society in December, 1938. In addition to these 
reports, the apparatus used for the fuel-bed motion pictures has 
been described in a paper by Markson and Dargan (22)7 and the 


7 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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method of correcting temperatures has been reported by Mayers 
(25). 


CoNCLUSION AND SUMMARY 


This work represents an initial survey of the conditions under 
which combustion takes place on multiple-retort underfeed stok- 
ers. The data are not as precise or as detailed as might be de- 
sired, they apply specifically only to the particular piece of equip- 
ment on which the tests were made, and they do not cover a wide 
range of fuels. It is desirable that further tests of this nature be 
made on other stokers of different construction, burning many 
more of the hundreds of coals available for underfeed-stoker firing 
in this country. Additional tests could be made with much less 
expenditure of time and money and the experience gained in those 
reported herewith would be of great value in developing equip- 
ment by the use of which more accurate and more detailed infor- 
mation could be obtained. More data on the extremely interest- 
ing region in the walls of the burning lane should be secured by 
inserting probes along diagonals passing from the retort into the 
burning lane. This was not attempted in these tests because the 
importance of this region was not appreciated. 

Despite its limitations, this investigation is not without imme- 
diately applicable results. It shows, for instance, that a change 
in the contour of the fire may have beneficial results in the uni- 
formity of operation of the stoker, and that, in this installation, 
the use of the “‘short’’ fire leads to less severe treatment of the 
iron of the stoker. It also shows that what apparently is a thin- 
ner fire may actually have more fuel over the tuyéres and so be 
more stable than a thicker fire, with its accompanying narrow 
burning lanes; and finally, it repeats the demonstration that the 
gases rising from the active portions of the bed may require addi- 
tional air for combustion. Another result of importance in the 
design of stokers is the elucidation of the structure of the fuel bed 
obtained by these tests, which showed that the mechanism of heat 
flow into the coal in the retort is similar to that governing heat 
flow into a slot-type by-product coke oven. This makes avail- 
able for the use of stoker designers a considerable amount of in- 
formation concerning heat transfer which is directly applicable 
to their problem. 

The principal facts brought out by this investigation may be 
summarized as follows: 
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1 The fuel beds of multiple-retort underfeed stokers exhibit 
a considerable degree of uniformity of structure relative to the 
axes of the burning lanes, the positions of which, however, are 
not fixed with respect to the center lines of the tuyére stacks, but 
may vary within limits. Fluctuations of temperatures and pres- 
sures from the averages at points fixed with respect to these axes 
are relatively small, but the deviations of gas composition are 
large, apparently because of the slow speed of diffusion by com- 
parison with the rates of heat transfer and of the transmission of 
hydrostatic pressure in the system. 

2 The fuel beds consist of burning lanes through which most 
of the air for combustion passes, separated by heaps of coal in the 
retorts through which very little air flows. 

3 The coal in the retorts is retained between walls of coke, at 
the cooler boundary of which rapid carbonization of the coal oc- 
curs and through which heat for carbonization and ignition of the 
coal is conducted transversely across the stoker from the burning 
lanes. 

4 The fuel has a component of flow transversely across the 
stoker from the retorts to the burning lanes approximately equal 
to that calculated from the burning rate and the dimensions of 
the fuel bed. 

5 At the bottom of the burning lanes an extremely high- 
temperature coke is burned and gasified. 

6 The temperature and pressure gradients in the main pri- 
mary-air stream are determined by the rate of air flow, but the 
temperatures attained Just above the tuyéres depend also upon 
the fire contour. 

7 The maximum temperatures observed, 2800 to 3000 F, 
appear close to the top of the bed, and are nearly the same in all 
series, regardless of the load, the fuel, or the fire contour. 


RESULTs OF TESTS 


A summarized tabulation of the data on the conditions of opera- 
tion in all the runs, averaged for each series, is given in Table 1. 
Series 1 and series 2 differ only in load; series 2 and 3 in excess 
air; and series 3 and 4 mainly in fire contour (refer to paragraph 
on “Stoker Operation’’), although there was an increase in excess 
air in series 4 over series 3. Series 5, 6, and 7 were run at the 
same load and excess air as series 2 but with three different coals; 
series 5 with coal from Pocahontas No. 3 seam; series 6 with 


TABLE 1 SUMMARY OF DATA ON CONDITIONS OF OPERATION 
Series No. ....... f eae een he ees 1 2 3 4 5 6 T 
RUN SIIN O2t = Sct peast in) Slay ns ak ae ee 21-44 45-63 64-71, 76 72-75 84-88 89-93 94-97 
77-83 
AD BGO Sect 5.0. f258 ond cs Pl crete tv tava s neck use eee eee 11/23/37 1/19/38 3/17/38 3/25/38 4/14/38 4/20/38 4/26/38 
-12/17/37 —3/9/38 —3/24/38 —4/ 7/38 —4/15/38 —4/21/38 
Sized, 
e 5 Lower 7—Mallory—~ 
Coal Lower Kittaning, run-of-mine——————__._ —_Pocahontas— Kittaning Gas 
Bailey-meter readings, average: 
Steam.... oe ah Gree ; 149 217 209 206 207 209 207 
Bw modi nacoetcnys: ; ; 152 219 236 238 211 211 215 
Hirevcontoun: . arch omit eh : ; Long Long Long Short Short Medium Long 
Average temperatures, F: 
Steam, superheater outlet..... é 618 652 644 662 651 655 660 
Feedwater entering boiler.... : 287 292 327 322 315 309 309 
Flue gas, boiler outlet... . : . 550 619 609 607 597 608 597 
Pressure and draft, in. water: 
Wind-box pregsure..... : Pree Lz5: 2.9 Pane f 2.9 3.0 45h 2.5 
Furnace draft...... j H 0.12 0.15 0.30 0.21 0.12 0.14 9.11 
s Bouveroutlotidrast aco eel eee 0.30 0.94 1.18 0.97 0.66 0.68 0.67 
Excess air, per cent: 
pally smieter setting, pens together.......... 37 44 37 49 42 40 37 
CUAL iar werie't o)seeratoeicin a: ; He . 40 45 4 72 5 
Hourly rates, 1000 lb per hr: = F sb * 
Steam HO Were sists elle RE a 82.7 120.3 115.8 112.0 114.5 115.6 114.5 
Coal burning (estimated). Soe 8.0 12.2 11.8 11.5 11.3 11.9 11.5 
_ Air flow (estimated)....... Per: ae 116 185.5 190.3 208.5 176.4 174.0 173.5 
Unit rates, lb per sq ft per hr: 
Coal Air Coal Air Coal Air Coal Air Coal Air Coal Air Coal Air 
(a) 20.9 31.9 30.8 30.0 29.4 31.0 0.0 
(b) 26.2 380 39.9 606 38.5 621 36.6 682 36.5 576 38.9 569 37.6 567 
(c) 44.0 640 67.0 1020 64.9 1045 61.5 1145 61.5 970 65.4 957 63.2 954 


(a) Referred to total projected area, 382 sq ft. 

(b) Referred to actual area, omitting ashpit, 306 sq ft. 
(c) Referred to air-admission area, 182 sq ft. 

a 
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TABLE 2 COAL ANALYSES 


(SS Pre ps pe aniate © OAC ceoit COORD ID CCl atea 1 2 3 4 5 6 7 
Sy Hi See 8 pres SORE OREO B OO FIOM OD DIDO DID Semamr i ite Od Eureka, run-of-mine craigs nut and Wureka, sized Mallory 
. slack 
iy SEO SCCE RSE TO On O Ce Sea ntO cD UG DOD Us hi nie jaan cui Berwind-White Coal Mining Pocahontas Fuel Berwind-White Hunt's Point Gas 
\ Company Company, Ine. Company Plant 
Source: 
Gounty And BtatOanara rosie erento yen sees eae ere Cambria, Pa. West Virginia Cambria, Pa. Logan, W. Va. 
eam.....-+-- peirnsiraryioe Clon “Wosteig as cise even = Lower Kittaning Pocahontas No. 3 Lower Kittaning Hagle 
rae analysis, Bey cent: i 
oisture, a8 LOGCLV OMI fe nicer hee rne.o he dyes Tike fueiinye era a's 3.6 3.3 3.3 3.2 4.3 33 
Volatile matter, dry.......-...0.0202se steers eters 16,45) 17 een ian lO.6 17.8 170 39.8 
Fixed carbon,, drys... 2-0 ene ce cele we tleeies lees tree ce ne ods TED AD) rhser4 76.4 76.1 (ae 63.2 
AI IGER Anant Bomense oo Soe bpgerccntr ta cn OQ te kasapi 6.5 7.4 8.1 70 Cag 7.8 4.3 
Sulphur, (5 Fav tama oleceacd cet roreolG) ia MGS PIO ON) “ACen ies 1.43 1.46 res 0.60 1.36 0.57 
aes value: 
So kae pe a Seo a On Ole an Ore OU UiracyeD an acto 14100 14080 13970 14100 3 
Swelling index in V.M. det., per cent.......-----+++sseeee> a om ind 85 onne Eno 4085 
Ash-fusion temperatures, F: 
Hail Veoeadpn bbe Satta CORSO 06 oan IC Sei iii 2560 2450 2610 2510 2550 2630 2650 
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e Through 1/s-in. square on No. 20. 


Lower Kittaning coal, the same as that used in the first four series, 
except that it had been sized at the washing plant before shipment 
by the removal of fines passing a 5/s-in. screen; and series 7 with 
a high-volatile-gas coal from the Hunt’s Point Gas Plant of the 
Consolidated Edison Company. Reference to Table 2 and Fig. 1 
shows that the ‘sized’ Lower Kittaning coal used in series 6 had 
been so degraded during shipment that its size consist was not 
significantly different from the nut and slack ordinarily used. 
Thus, this series cannot be expected to show any effect which 
might be produced by a change in the sizing of the coal fired. 
No trouble was experienced due to smoke emission in series 7 
using high-volatile coal. The flame in the furnace in this series 
was very dense and hugged the bed very closely so that it was dif- 
ficult to see the fuel bed through it, but no secondary combustion 
was observed at the top of the first pass at any time with either a 
long or a short fire. 

The values of steam flow and air flow in Table 1 are averages of 
the readings recorded on the boiler-room floor at 15-min intervals 
but, since the load was held very steady during the tests, slight 
error is expected on this account. Only the total steam readings 
were averaged; the readings of the meter on the west-side super- 
heater outlet (refer to paragraph on “Test Apparatus”) were gen- 
erally 10 to 20 points lower during series 1 to 3, but differed very 
little from the totalizing meter in subsequent series. This is be- 
lieved to be due to the somewhat more severe stratification which 
existed during the tests with the long fire than in those with short 
fires. Superheated-steam temperatures at the two outlets dif- 
fered by amounts up to 30 F, the east side usually being higher. 
This behavior was irregular but appeared somewhat less fre- 
quently with short than with long fires. In calculating the aver- 
age steam temperatures, a straight arithmetic average of all the 
readings in each series was taken, as the weighted average dif- 
fered from this by only 1to2¥F. The flue-gas temperature leay- 
ing the boiler isnot accurate, as it was based on the reading of the 
Bailey-meter gas thermometer which was not checked. 

Of the quantities given under the heading “Unit Rates,’’ the 
first fuel-burning rate, referred to the projected area of the stoker 
and ashpit, 382 sq ft, is the quantity usually cited in comparisons 
of stokers. The others are based on measurements of the various 
elements of the stoker, taken by the test crew, which resulted in 
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the following areas: Total stoker area, omitting ashpit, 306 sq 
ft; projected area of stoker, omitting ashpit, 274 sq ft; and total 
air-admission area, including area of tuyére stacks, projected area 
of side-wall tuyéres, and extension grate, 182 sq ft. Fuel-burn- 
ing and air-flow rates, based on these areas, are useful in the con- 
sideration of the significance of the measurements. 

‘As the results of the tests include data on temperatures, pres- 
sures, and gas compositions at each of ten or more levels in a total 
of 79 test runs, it is obviously out of the question to present the 
complete experimental data in this paper. For this reason, only 
samples of the tabulated results will be given here; complete 
tabulations of the data have been prepared and deposited in the 
archives of the Society and may also be obtained, either as photo- 


194 TRANSACTIONS OF THE A.S.M.E. APRIL, 1941 
TABLE 3 TEST RESULTS; RUN NO. 72, NO. 2 TUYERE, EAST bed being built up between parts (refer to paragraph 
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* Momentary temperatures as high as 3025 F. : 
+ Probe seen in hole about 2 in. below top of burning lane. 
¢ Taken during withdrawal of probe. 


TABLE 4 TEST RESULTS; RUN 


transverse cross sections of the bed at the three posi- 
tions tested, taken in the planes, differing slightly from 
the vertical (refer to Fig. 18), in which the probes 


NO. 61, NO. 2 RETORT, WEST 


Time Time Gas- 
Distance after Maximum after pressure 

above stopping temperature reaching Corrected differential, ’ 

ram, stoker, observed, position, temperature, in. —————-Gas analysis, per cent —— 
in. min F min F water CO: 2 (ore) He CH 
0 95 es 2.9 ai ube 
5 95 ies? Qe rae eat 

10 95 vars ae Bass ie 

15 95 ave 2.5 ay ae 

17.5 95 Ao 256 es oye 

18.5 95 AA 2.6 pies wi 

19.5 95 iti 2.65 ©. 20 Be 

20.5 95 ay 2.65 fone Ans 

21.5 95 ae Beth © a a: 

22.5 : 95 50 2.8 moe ae 

23.5 Be 95 oa iS 2.8 a Re mM 

24.5 7.0 570 1.0 1250 2.8 pee) 6.2 4.2 10.2 1252 
as are a3 1.5 1460 Sie ds Ad aie 

2575 10.0 1195 1.0 1860 2.9 bees 5.0 andl 127% 10.7 
ae se 2.0 1990 sete re Be Ks 

Part 2 

23.5 2.5 250 AG 55 3.1 3.6 7.9 EA. 50 i 

24.5 5.5 875 1.0 1500 2.95 55(0) 2.5 5.2 14.6 14.4 
te 5G te 2.0 1665 a ra ae oes fe wa 
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26.5 11.0 2220 Steady 2.8 8.4 0.9 6.6 os 3 

27.5 aa 2280 Steady 2.85 14.1 4.1 0.0 1 Er2 

28.5% 2325 Steady aya 10.1 0.6 uteat 12.3 6.5 


® Probe 3 in. above fuel bed. 


prints or as microfilm, from The American Documentation Insti- 
tute, Washington, D. C. Details of the procedure and discus- 
sions of the accuracy and precision of the results are given in later 
paragraphs. The results obtained are exemplified by Tables 3 
and 4. 

The data from a typical run over the tuyére stack are given in 
Table 3, in which the first column gives the depth of penetration 
into the fuel bed; the second the average temperature if a steady 
reading was reached, otherwise, the maximum observed; column 
three, the corrected temperature, if a steady reading was not at- 
tained, when the correction referred to in the section on “Supple- 
mentary Data” was applied; the fourth column shows the pres- 
sure drop of the combustion gases through the stoker and fuel bed 
to that point; and columns 5 to 9 give the percentage composi- 
tion, dry, of the gas sample taken at that point. In Table 4, 
which presents the data from a typical retort run, the first column 
gives the distance above the secondary ram; the second, the time 
after stopping the stoker; and the third, the uncorrected tempera- 
ture at that time; while the fourth and fifth columns give the time 
and the corrected temperature at intervals during the period the 
probe was held at that point. The sixth column gives the pres- 
sure differential, and the remaining columns the analysis of the 
dry gas. The retort runs were completed in two parts, the fuel 


were advanced through the bed, at a load of 120,000 Ib of 
steam per hr with 45 per cent excess air and a long fire (series 
2). The sections show a portion of the bed, consisting of one 
full retort and tuyére stack and one half of the next adjacent 
elements; the lines of insertion of the probes are indicated 
by dot-and-dash lines, with scales showing the distance above the 
stoker iron in inches. Position No. 1 is near the head of the 
stoker, while No. 3 is near the extension grate (refer to paragraph 
on “Equipment and Construction”). The contours are nearly 
vertical at the sides of the retorts and the temperature increases 
very rapidly across a narrow region above the walls of the retorts 
in the direction of approach to the center line of the tuyére stack. 
The coal in the retort does not rise above room temperature until 
it approaches the walls of the retort or a thin skin on top, although 
the width and height of the unheated heap of coal become less as 
the distance from the head end of the stoker increases. The re- 
gion of very high temperatures above the tuyéres is coincident 
with the burning lanes which are so prominent a feature of stoker 
fires. It is evident that the principal direction of heat flow into 
raw coal normal to the contours is horizontally across the stoker 
from each burning lane toward the center line of the adjacent re- 
tort. It should also be noted that coal in the retort, at the middle 
of the stoker longitudinally, may rise 23 in. above the floor of the 
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retort, or 12 in. above the level of the tuyéres, without being 
heated above room temperature, even though at the same level 
less than 12 in. away, across the stoker, the temperature in the 
burning lane may have reached 3000 F. 

Fig. 3 shows contours of equal drop in gas pressure on the same 
cross sections and under the same conditions of firing. These con- 
tours suggest that the principal flow of air is upward along the 
burning lanes and that there is comparatively little flow through 
the retort. In fact, the nearly vertical course of the contours in 
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the walls of the burning lanes indicates that these walls may be 
almost completely impervious to air flow. That there is com- 
paratively slight air flow up through the retorts is shown by the 
low rate of pressure drop through this rather densely packed 
heap. 

Fig. 4 shows lines of constant oxygen, and Fig. 5 lines of con- 
stant carbon monoxide and of constant hydrogen-plus-methane 
concentrations. The air in the retort is not consumed until it 
approaches the region of very rapid temperature rise shown in 
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Fig. 2. In the burning lane, the oxygen penetrates further into 
the bed, the closer the center line of the lane is approached; along 
the walls of the lane it decreases practically to zero at only 3 in. 
above the tuyéres while, at the center of the lane, the air may still 
contain 5 per cent of oxygen 6 in. above the tuyéres. This result 
accords with the data on the pressure drop, which indicated that 


the gas velocity varies greatly in a section across the burning lane, 


from very small values at the walls of the lane to very large values 
at the center. It is also to be noted that the oxygen concentra- 
tion appears to increase again toward the top of the lane. This 
effect is quite marked, and is accompanied by a decrease in the 
concentration of the combustible constituents, as shown in Fig. 5, 
and usually by an increase in carbon dioxide, although the latter 
may be masked by excessive dilution by the fresh air entering at 
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this point. The authors have been unable to agree on an inter- 
pretation of this secondary increase in oxygen. 

The greatest concentrations of combustible gases appear in the 
walls of the burning lanes at about the same level as the maximum 
temperatures in the lanes themselves. In this region, the sum of 
methane plus hydrogen may reach values above 25 per cent. It 
can be seen by reference to Fig. 2, that the temperature in this 
region ranges from 1500 to 2200 F, and from Fig. 3, that it is Just 
this region which appears to be most nearly impervious to gas 
flow. All these facts point to the conclusion that this is the re- 
gion in which carbonization of the fuel is occurring at the most 
rapid rate. 

Comparison of charts similar to those just referred to for dif- 
ferent parts of the bed, and for different conditions of operation, 
shows quantitative differences but no qualitative change in the 
pattern, as indicated in Fig. 6, the isothermals at No. 2 position 
for a number of different conditions of operation. All these sec- 
tions show the same pattern of nearly vertical isotherms in the 


TABLE 5 AVERAGE TEMPERATURES AT NO. 2 TUYERE 


Series 1 2 3 E 
Distance 
above 
tuyéres, Temp, Temp, Temp, Temp, 
in. F F F F 
9) 1830 He 1660 eS 
0.5 1920 2190 1885 2030 
120 1960 2325 1715 1850 
1.5 2165 2420 2280 2075 
2.0 2050 2475 2261 2065 
2.5 2030 2570 2310 2155 
3.0 2140 2620 2465 2410 
o 231 203 
a b a b (a) (b)2 

3.5 2225 2140 2600 2545 2490 2325 2465 
4.0 2305 2105 2620 2385 2730 2400 2480 
4.5 2390 2120 2670 2320 2690 2340 2550 
5.0 2445 2175 2725 2250 2700 2585 
5.5 2430 2235 2695 2235 2265 
6.0 2460 2120 2780 2265 2235 2650 
6.5 2505 2060 2810 2090 
7.0 2565 2090 2770 2200 2295 2700 
7.5 2590 2020 2880 2255 
8.0 2620 2020 2250 2340 2650 
8.5 2730 1960 2310 
9.0 2815 1850 2380 2685 2695 
9.5 2825 1740 2415 

10.0 2820 1695 2755 

10.5 1695 

11.0 1710 2795 

11.5 1725 

12 2755 

13 2680 

14 2700 
0 133 122 41 195 2491 1673 


1g calculated for series 3 and 3a from 0.5 in. to 5in. 
2 One run only; o not calculated. | ‘ 
3g calculated for series 4 from 0.5 in. to 14 in. 


walls of the burning lanes connecting regions low in the burning 
lanes with regions high in the retorts. Indeed, almost the same 
maximum temperatures at almost the same levels were observed 
in all the runs. Plots of the other variables investigated show 
similar uniformity under different conditions and so are not 
presented here. 

These charts indicate that the structure of the fuel beds of 
underfeed stokers differs materially from the conventional pic- 
ture, which consists of a bed of horizontal strata, the bottom one 
being green coal and the top one being freely burning coke with 
all gradations occurring in between. These results show that, 
actually, the stratification is mainly along vertical planes running 
from the head of the stoker to the end of the underfeed section 
along the walls of the burning lanes. A section through the fuel 
bed perpendicular to these planes, that is, across the stoker, shows 
green coal in the center of the retort extending almost to the top 
of the bed, then coal being heated, coked, and ignited as the burn- 
ing lane is approached, with free burning of prepared fuel in the 
burning lane approximately along the center line of the tuyére 
stack. The flow of heat proceeds mainly in a horizontal direction, 
the coke layer forming first as a thin skin on the wall of the burn- 
ing lane at the head end of the stoker and progressing across the 
retort toward its center line with increasing distance from the 
front wall. Thus the retort of such a stoker is similar to a by- 
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product coke oven except that the confining walls are absent and 
combustion takes place in direct contact with the outside layer of 
coke; the laws (6) which govern heat flow in a by-product oven 
may be expected to govern the flow of heat into a stoker retort. 

Carbonized fuel breaks off from the coke walls because of the 
formation of shrinkage cracks and the agitating action of the sec- 
ondary rams, and falls down into the burning lanes where the level 
of the fuel is considerably lower than it is in the retorts. These 
lanes may cover only a portion of the width of the tuyére stack; 
they consist of channels with more or less irregular coke walls, 
not necessarily continuous along the length of the stoker; and 
they generally have a more or less densely packed continuous fuel 
bed with, perhaps, some ash at the bottom, in the lower part of 
the channel. The primary air flows up through these lanes, burn- 
ing and gasifying the bed of coke through which it passes. The 
air velocity varies within wide limits in the burning lane, depend- 
ing upon the density of the fuel bed through which each filament 
of flow passes, and the distance required to consume the oxygen 
in any filament increases with the local flow velocity. 

While this description is based upon measurements made on 
only one stoker using but a limited number of coals, it is probable 
that, qualitatively at least, it applies quite generally to all stokers 
of this type. It is evident that the cases will be quite rare in 
which the air flow from the tuyére stacks spreads with equal in- 
tensity through all sections of the coal, both above the tuyéres 
and in the retort; only in those cases, however, will there be any 
marked deviation from the structure outlined, in which the strati- 
fication is along vertical planes and the heat flow into the raw coal 
is horizontal. It appears also that the high combustion rates, 
compared to the rates of ignition observed in pure underfeed 
burning, which may be attained in multiple-retort stokers, are due 
to the fact that there is no air flow through the planes of ignition 
to remove the heat conducted into this region from the hotter 
parts of the fire, and to the possibility that the aggregate of all 
the zones of ignition, that is, the sum of the areas of the burning- 
lane walls may be considerably greater than the projected area of 
the stoker. 

Temperatures. The average temperatures at No. 2 tuyere 
position for the first four series of runs are given in Table 5 and in 
Fig. 7. The precision (1) of the measurements within each series 
is indicated by the magnitudes of the standard deviations o given 
at the bottom of each column in Table 5. 

These standard deviations indicate that the procedure of aver- 
aging the runs by series is probably justified, since the probable 
error, equal for large numbers of observations to 0.6745 o, is never 
greater than about 170 F, approximately the order of accuracy 
which was expected before the tests were made, and is usually 


TABLE 6 SIGNIFICANCE OF DIFFERENCES BETWEEN TEM- 
PERATURES IN DIFFERENT SERIES 


Average 
Range, difference 
Series in. of means 12 
2-1 0.5-3 389 <0.01 Significant 
2a-la 3.5-16 122 <0.05 Significant 
2b-1b 3.5-11.5 320 <0.01 Significant 
4-24 0.5-9 224 <0.01 Significant 
3-2a 0.5-3 263 <0.01 Significant 
3-24 3.5-9 15 <0.6 Not significant 
3-la 1.5-5 270 <0.01 Significant 
4-la 2-8 148 <0.01 Significant 
TABLE 7 TEMPERATURES AND. MAXIMUM TEMPERATURE 
GRADIENTS NEAR THE TUYERES AT NO. 2 POSITION 
Air rate 
through Maximum 
tuyéres, tempera- A 
: lb per -—Temperatures— ture Ratio, : 
Series sq ft at'/oin., at3in., gradient, Temperature gradient 
per hr F F deg per in. Air-flow rate 
1 640 1915 2140 195 0.304 
Zz 1020 2185 2620 235 0.230 
3 1045 1885 2465 395 0.378 
4 1145 2030 2410 350 0.306 
Average 0.304 + 0.023 
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much less. It will be observed that the precision is often greater 
than the accuracy of the measurements (2), estimated as being 
about 90 F (refer to section on “Supplementary Data”). Table 6, 
the average differences between various pairs of groups of runs, 
shows that these differences are statistically significant (11), ex- 
cepting for the upper portion of the traverses in series 2a and 3, 
since the probability that such differences could occur by chance 
is always less than 0.05, and usually less than 0.01. 

These data indicate that the magnitude of the temperature 
gradient immediately above the tuyéres is proportional to the air- 
flow rate, as shown in Table 7. The data of tests with special 
coals are not extensive enough to justify statistical analysis but 
they indicate that this conclusion holds true also for series 5 to 7 
as well. On the other hand, the temperatures attained at 1/2 in. 
and 3 in. above the tuyéres depend not only upon this gradient, 
but also upon the condition of the fire, as can be seen by compari- 
son of the data for series 2, 3, and 4, all of which have nearly the 
same air-flow rate. In series 2, which was run at an excess air 
of 45 per cent with a long fire, the temperature rose to about 2600 
F at 3 in. above the tuyéres, while the temperature 1/2 in. above 
the tuyéres was about 2200 F. In series 3, with a somewhat 
greater air flow and correspondingly greater gradient, the tem- 
perature 3 in. above the tuyéres was only 2460 F, showing the 
effect of an increase of excess air to 54 per cent and the correspond- 
ingly more open fire. In series 4, however, in which the short 
fire was used, the temperature 3 in. above the tuyéres dropped still 
further to 2400 F. 

In the upper part of the bed, it is necessary to differentiate be- 
tween traverses which passed up through the burning lanes, de- 
noted by the suffix a in Tables 5 and 6, and those which were in 
the walls of the lane, denoted by the suffix b. Considering first 
the a runs, it will be observed that the maximum temperature at- 
tained in all of those with the long fire was about the same. In 
series 1, this maximum of above 2800 F was reached at about 9 
in. above the tuyéres, while in series 2 and 8 the same value was 
reached somewhat lower, at about 6 in. above the tuyeres, 
even though series 3 was run with high excess air. Data for 
distances above 5 in. are not given in Table 5 for series 3a, as not 
enough runs were available to justify statistical analysis. In 
series 4, however, with the short fire, the temperatures were sub- 
stantially lower throughout the upper part of the bed, and the 
maximum of just under 2800 F was reached only at 11 in. above 
the tuyéres. The data of series 5 and 6 in which short fires were 
carried with special coals confirm this trend. 

At the top of the bed, when the probe rose into the gas space, 
the temperature indication fell off quite sharply. This is shown 
in the averages for series 4, the only one in which a large enough 


TABLE 8 TEMPERATURE DROP AT TOP OF BURNING LANE 
(Part of doghouse log; run No. 94; No. 2 tuyére, west) 


Bed 
Posi- differential, 

Time, tion, —Temperature— in. Sample 
p.m, in. mv water No. Notes 
9:05 2a 14.2 1.45 

06 14.8 2625 49 

07 28 15,2 1.45 

08 14.9 2640 50 

09 29 15.2 2.35 Probe pushed 

10 15.4 hard 

11 15.4 2715 51 

12 30 15.7 2.70 

13 15.9 2795 52 

14 31 16.0 2810 2.68 

15 14.9 2640 53 

16 32 13.8 3.00 

17 13.1 2370 54 

18 13.1 

19 33 13.3 2.68 

20 13.8 2475 55 

21 34 14.4 2.70 

22 14.2 

23 14.4 2565 56 

24 35 14.5 2.75 

25 14.5 2580 1 Probe reported 6 


in. out of fuel 
in burning lane 
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number of probes penetrated the bed to justify carrying the aver- 
ages that far. This effect was observed, however, in every indi- 
vidual run in which the probe was seen from the rear door of the 
furnace. A good example is given by run No. 94, series 7, of 
which the readings for the last 8 in. are given in Table 8. The 
observation from the boiler-room floor that the probe extended 
about 6 in. above the level of the fuel bed in the burning lane at 
level 35 shows that the beginning of the precipitous drop in tem- 
perature at level 31 was close to the top of the bed. 
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In runs in which the probe was raised, not through the burning 
lane, but through its walls, the temperature dropped from a maxi- 
mum in the neighborhood of 3 in. above the tuyeres, up to which 
point it had followed the same course as in runs in the lane, and fell 
off continuously to as low as 1700 F at 10 in. above the tuyéres. 
The negative gradient in this region appeared to be independent 
of the load and excess air, while the length of the region of de- 
creasing temperature was quite unpredictable and may have de- 
pended only upon the distance from the line of traverse to the 
center of the burning lane. The fact that these traverses differed 
from those just described, in being off the burning lane, was sub- 
stantiated by the observations of the other quantities, gas pres- 
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sure and analysis, and also by direct observation in many 
runs of the position of the probe when it had penetrated the fuel 
bed and was visible from the boiler-room floor. In every case, 
the region of declining temperature was terminated by an abrupt 
transition to a region in which temperatures of the same magni- 
tude as those prevailing in the burning lane at these levels were 
observed. This transition was accompanied by characteristic 
changes in gas analysis and pressure (refer to section ‘‘Pressure 
Differential”) and was often coupled with a momentary great in- 
crease in the resistance to motion of the probe through the bed, 
followed by complete freedom of motion. This phenomenon was 


interpreted as meaning that at this point the probe broke through 


the wall and entered the burning lane or emerged from the top of 
the bed. 

Pressure Differential. Plotting pressure differential against 
distance above the tuyeres leads to quite different results for runs 
in the burning lanes and those out of the lanes. The results of 
the runs in the burning lanes are readily interpreted, as shown by 
the examples, from runs at No. 2 position, Fig. 8. The pressure 
drop is linearly related to the distance above the tuyéres beyond 
a small distance of the order of 1 to 11/2 in. and extending to 8 
to 12 in. above the tuyéres. While the absolute values of pres- 
sure drop to any point do not agree very well in different tests 
under the same conditions, the values of the pressure gradients 
do. These are plotted, to logarithmic scales, against the air-flow 
rates for the different series in Fig. 9, where it will be observed 
they fall on a reasonably straight line with a slope of 2.17. The 
values of air-flow rate used in this calculation are based on the 
indication of the air-flow pen of the boiler meter, and are referred 
to the total air-admission surface of the stoker. This calculation 
is admittedly a rather unsatisfactory approximation ; the errors 
in it arise from two main sources (a) the air-flow meter, which is 
not a precision instrument at best, measures the air flow through 
the boiler, not that through the stoker, (b) there is no assurance 
that the air flow through different sections of the air-admission 
surface of the stoker is uniform. No correction has been made 
for air admitted through the front-wall secondary-air ports. 

In spite of these qualifications, the data show that the relation 
given in Fig. 9 is significant. The result may be compared with 
the formula given by Diepschlag (8) for the pressure loss through 
beds of spheres. To obtain the pressure drop observed, the fuel 
bed would have to be equivalent to a bed of spheres about 1/, in. 
diam. Diepschlag’s measurements, however, were made using 
cold air. Applying the corrections for temperature indicated by 
Carman’s analysis (7) the size of the particles would be increased 
to about 0.63 in. to produce the pressure gradient of 0.196 in. 
water per in. of fuel-bed depth at 1000 lb air per sq ft per hr, given 
by Fig. 9. The slope of the line in Fig. 9 is greater than that 
found by Diepschlag and by Arbatsky (8), in tests using cold air, 
who obtained values of the exponent of 1.6 to 1.7. This discrep- 
ancy, as well as the small particle size indicated by the calcula- 
tions, may be ascribed to the errors previously noted, but it 
might also be due to the difference in temperatures since, in a test 
on a chain-grate stoker burning anthracite, Arbatsky observed a 
value of the exponent of 2.1 for small values of air-flow rate. 

Certain other significant conclusions may be drawn from these 
data. The linear portion of the curves in Fig. 8 for runs in series 
1 to 3 are always terminated by a sharp break upward, followed 
by a practically flat portion, which is not however at a pressure 
drop corresponding to the furnace draft but from 0.3 to 0.5 in. 
water less. It has been shown by Hirst (15) in a discussion of the 
principles of coal cleaning by pneumatic tables that the maximum 
pressure gradient which can be attained in a porous bed of broken 
solids is that equivalent to the weight of the bed per unit thick- 
ness. Above this gradient, which for coal is about 0.6 in. water 
per in. of bed and is nearly independent of particle size, the bed 
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becomes disrupted. The sharp break referred to, which appears 
in the data for series 1 to 3, always involves a gradient materially 
exceeding this limiting value, so it is evident that a continuous 
fuel bed does not exist above it. It appears at levels of from 8 to 
10 in. above the tuyéres, which may be 6 to 8 in. below the level 
of the top of the fuel bed in the retorts. In series 4, however, 
when the short fire was used, no break appears. The linear por- 
tion extends to a distance of 12 in. above the tuyéres, at which 
level the pressure has dropped very nearly to that in the furnace, 
showing that, in spite of the thin fuel bed of the short fire, there 
is more fuel over the tuyeres in this fire than in the long one. 
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The pressure gradients in the burning lanes at other positions 
show that in series 1, at low load, the air-flow rate per unit area is 
much greater at No. 1 position, at the neck of the stoker, and 
somewhat less at No. 3 position, just above the extension grates, 
thanitis at No. 2. In series 2, the same effect was observed but 
to a much less marked degree, while in series 3 not enough data 
are available to permit a comparison. In series 4, the pressure 
gradients and, hence the rates of air flow per unit area, are very 
nearly the same at all three positions. 

The pressure drops in runs in which the probe did not pass up 
through the burning lane show none of the regularity just de- 
scribed. They usually show a short section of not over 3 to 4 in. 
in which the gradient is somewhat less than that observed in the 
lane, followed by a portion, corresponding in position to the region 
of decreasing temperature mentioned in the previous paragraph, 
where the pressure remains very nearly constant. This region is 
believed to be in close proximity to, or in the interior ofa, rela- 
tively impervious wall, since the absence of pressure gradient in- 
dicates negligible air flow in the direction of motion of the probe. 
The presence of such a wall can, of course, be accounted for by 
the presence of unbroken coke or of a plastic mass of coal under- 
going carbonization. At the top of this region, in the same place 
that the abrupt increase of temperature was found, the pressure 
drops abruptly to a value below the furnace pressure. In the 
retort runs, the same values of pressure just above the top of the 
bed, from 0.05 to 0.15 in. of water below the furnace pressure, 
were observed. These results indicate that there is little flow 
into the furnace from the space immediately above the retorts, 
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since, if there is no pressure drop due to flow upward from this 
level, a lower pressure than that observed in the furnace would be 
measured here, because the furnace-draft connection used for the 
operating meters is at a level about 10 ft above the fuel bed. 
Thus, at the level of the bed, the chimney effect of a 10-ft column 
of hot gas would be added to the furnace draft observed with the 
regular operating furnace draft gage. 

Gas Composition. The gas compositions show much less regu- 
larity than the quantities just considered and their analysis does 
not lead to the type of quantitative results obtained in the con- 
sideration of temperatures and pressure drops. This is probably 
due to the fact that the gas analysis is much more subject to tran- 
sient variations than are the other two quantities, since diffusion 
in the gas stream is a much slower process than heat transfer by 
radiation at the temperatures under consideration, or than the 
mechanical transmission of pressure through the gas which takes 
place with the speed of sound. For the same reason, it would ob- 
viously be necessary for the sampling point to reach exactly 
equivalent positions with respect to the filaments of flow and the 
proximity of surfaces of burning fuel in different runs to attain a 
high degree of precision of the measurements. Since the fuel bed, 
by its very nature, represents a single structure only in a statisti- 
cal fashion, it is obvious that only a statistical approach to an 
average picture of the gas compositions at various points in the 
bed is available. The average values at different points might be 
more closely approximated by samples taken from each position 
over rather long periods of time but, in view of the comparatively 
short life of the probes in the fuel bed, it was not practicable to 
take such samples. 

The limits, within which one half of the analyses taken at vari- 
ous levels at No. 2 position in all the series lie, are shown in Fig, 
10. This figure was constructed by plotting all the data and then 
passing the lines through the groups of points at each level in such 
a way that one quarter of the points would be above the upper 
line, and one quarter below the lower one. These curves enclose 
the region within which the analysis of a sample taken at that 
position would probably lie. 

The dispersion of these data is so great that significant differ- 
ences between the results for the different series of runs cannot be 
found, but the general trends for all series can be observed in Fig. 
10. The oxygen concentration falls off more or less rapidly to 
small values at distances 5 to 6 in. above the tuyeres, remains at 
this low level up to about 10 in. above the tuyéres, and then be- 
gins to increase again. This behavior is observable, not only in 
this statistical representation of the data, but also in each indi- 
vidual run. Carbon dioxide increases, more or less as a mirror 
image of oxygen concentration, to a maximum at 2 to 5 in. above 
the tuyéres and then decreases, being replaced by increasing con- 
centrations of carbon monoxide. Hydrogen and methane begin 
to appear at distances of 3 to 6 in. above the tuyéres, but never 
reach very high concentrations in the tests in the burning lanes. 
In runs out of the lanes, the hydrogen and methane may reach 
very high values, a typical composition from a point 7 in. above 
the tuyéres (run No. 55) being COs, 8.2; Oz, 1.2; CO, 7.3; Hy, 
15.1; and CHy, 4.8. The high ratio of hydrogen to methane, 
which is typical of the data from this region, indicates that these 
gases arise either from the later stages of the process of carboni- 
zation of the coal (18), or from the cracking of methane. Gas 
analyses in the retort, on the other hand, usually show a prepon- 
derance of methane over hydrogen, which is characteristic of the 
earlier stages of carbonization. 

At levels in the bed above those where methane and hydrogen 
first appear, diluting the gas stream, the combustible gases burn 
out. At first, the water-gas reaction appears to account for most 
of the changes in analysis, as the hydrogen and carbon-dioxide 
concentrations decrease with a corresponding increase in carbon 
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monoxide and but little change in methane. Later, however, 
methane and hydrogen disappear at parallel rates, but carbon 
monoxide is consumed much less rapidly, invariably being the last 
combustible gas to vanish. In the initial gasification region, be- 
low 6 in. above the tuyéres, the fuel is almost pure carbon, that is, 
a very high-temperature coke, as shown by the fact that the sum 
of the concentrations of oxygen and carbon dioxide, when the 
monoxide is absent, always amounts to more than 20 per cent 
and, when the monoxide is present, frequently reaches 20 per 
cent + 1/2 (CO), corresponding to the combustion of a pure car- 
bon fuel. This result suggests that combustion in the burning 
lane takes place in accordance with the laws governing 
overfeed” action (24, 29). 


“yure- 


Previous INVESTIGATIONS 


Current descriptions of the fuel beds of underfeed stokers, with 
the exception of that of Barnes, appear to be based upon knowl- 
edge born of long experience in the operation of this equipment, 
without the control of exact measurements of conditions in such 
fuel beds. The work of Barnes (5) was concerned with single- 
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retort stokers of domestic sizes, which differ so greatly from the 
large multiple-retort type investigated in this study, it could not 
be predicted that the results of his work would be applicable to 
these stokers. It appears, however, that if due allowance is made 
for the differences in the geometry of the system his results may 
be transferred with little change to a description of the beds of 
multiple-retort stokers, which usually operate in the region de- 
scribed by Barnes as ‘“‘black-center” burning, and show many of 
the characteristics of such operation. 

R. A. Foresman (12) has given a description of multiple-retort- 
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stoker fuel beds which agrees quite well with that developed from 
this study, but no supporting data were given and conclusions 
which might be drawn from the geometry of the bed were not 
stated. In particular, he showed a deep pile of uncoked coal in 
the retort extending to a considerable height above the tuyeres, 
but his description does not suggest the function of the coke wall 
in delimiting the “burning lane,” at least with coking coals, or 
consider the implications of the horizontal heat flow in determin- 
ing the rate of ignition. Tobey (33) has also described fuel beds 
which have many points of similarity to those described here. 
Houghton (16) has used the results of analyses of the fuel at differ- 
ent points in a fuel bed, which had been suddenly quenched, in an 
attempt to describe the progress of combustion in multiple-retort 
stokers, but he appears to share the impression (17) that ignition 
in such stokers proceeds by @ mechanism analogous to that which 
controls “pure underfeed burning.” His emphasis on the desir- 
ability of carrying thin fuel beds in burning low-volatile coal is 
supported by the results of this investigation, which demonstrate 
the paradox that a thinner fuel bed may actually have more fuel 
over the tuyeres. 

In “‘pure underfeed burning,” as described by Nicholls (27, 28), 
ignition of incoming fuel proceeds in the direction opposite to that 
of the air flow and takes place, as shown by Mayers (24), if the 
rate of heat conduction from the zone of free combustion is greater 
than the rate at which heat is eonvected back into that zone by 
the primary air. This type of burning leads to a fuel bed which is 
stratified in horizontal layers. The upper layers are in condi- 
tion similar to that described by Kreisinger, Ovitz, and Augustine 
(19), except that the temperatures, in the case of underfeed burn- 
ing, are lower than those found by the last-mentioned authors in 
agreement with calculation (24). The rate of ignition in such a 
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system can be calculated (26) from the characteristics of the fuel 
and the rate of air flow; it has also been determined experimen- 
tally (30, 31) as a technical characteristic of the fuel. 

In Europe, where traveling-grate stokers are extensively used, 
it has been shown (14, 21, 23) that the concept of ‘‘pure underfeed 
burning” describes the processes occurring on such stokers, and 
this has been made use of in setting up model fuel beds (9, 13, 20, 
32) for the study of fuel beds on traveling-grate stokers under con- 
trolled conditions. These investigations were of little use as a 
guide to the development of methods of measurement in the pres- 
ent project. In the investigations of traveling-grate stokers of 
commercial sizes, only grate temperatures and gas analyses over 
the fuel bed were determined, while the others, in which tempera- 
tures within the bed were determined, were carried out on model 
fuel beds in which equipment could be used which would not stand 
the conditions of operation in a full-size multiple-retort stoker, 


EQuiIpMENT AND CoNnsTRUCTION 


The tests were run on the stoker of boiler No. 73 at Hell Gate 
Generating Station of the Consolidated Edison Company. The 
boiler has 12,560 sq ft of heating surface and is a straight-tube, 
secticnal-header type with an overdeck superheater. The fur- 
nace is water-cooled on the side walls and has 10 small secondary- 
air admission ports in the front wall. It has a 14-retort 37- 
tuyere Taylor stoker with high side-wall tuyéres and a clinker- 
grinder ashpit. The unit is rated at 165,000 lb of steam per hr at 
280 psi abs and 700 F steam temperature. A cross section of the 
boiler and stoker is shown in Fig. 11. The results-of acceptance 
tests, made by the United Electric Light & Power Company in 
1926, are shown in Fig. 12. Coal consumption during the tests 
was calculated from the steam flow indicated by the boiler meter, 
on the basis of the efficiencies found in these tests, divided by an 
operating factor of 1.06. 

Although the stoker is rated at 37 tuyéres, the original tuyéres 
(11/2 in. thick) have been replaced by thinner ones, 1 in. thick, so 
that there are actually 49 tuyéres in each stack. There are 5 
secondary rams in each retort, all bolted together so that they 
move as a unit, although provision had been made in the design of 
the stoker to allow certain amounts of lost motion between adja- 


cent pushers; and the extension grates also move with the secon- 
dary rams and have the same stroke. The stroke of the set of 
rams serving each retort may be controlled from the front of the 
stoker by movement of an adjustable shoe. The furnace has two 
large inspection doors in the side walls above the ends of the ash- 
pit. For these tests, an additional small inspection door was pro- 
vided in the rear wall directly opposite the retort and tuyére 
stack in which the traverses were made. 

Fig. 13 shows the construction of the doghouse, which was built 
into the sifting hopper to the east of the center line of the stoker, 
there being 4 hoppers under the stoker. A hole, 2 ft wide and 5 
ft long, was cut in the rear sloping wall of the hopper and was pro- 
vided with a cover plate which could be bolted over it when tests 
were not being carried on. The top of the hopper was roofed 
over with '/;-in. plate, reinforced by 2-in. angles, while the rear 
6§-in. section of the roof was built in the form of a trap door which 
could be operated from outside the hopper. 

Water, compressed-air, and power connections were brought 
down along the wall of the wind-box connection, and a table was 
set up between that wall and the wind-box damper-operating 
shaft, as shown in Fig. 13. An electric fan standing on the table 
and directed into the doghouse was used to insure adequate air 
circulation, and a field-artillery telephone set with a line from the 
doghouse to the boiler-room floor near the panel of boiler No. 73 
allowed ready communication between the two principal test 
stations. 

Hight test points in the stoker were selected, four in the sixth 
retort from the east side and four in the tuyere stack adjacent to 
it on the east. These were divided into three groups: Position 
No. 1, 16 in. from the front wall, having one point in the tuyére 
stack and one in the retort; position No. 2, 4 ft from the front 
wall, having two points in each; and position No. 3, 8 ft 2!/oin. 
from the front wall, having oneineach. It was originally planned 
to place the two points in both tuyére stack and retort at No. 2 
position unequal distances from the center lines, but this proved 
to be impracticable because of constructional difficulties. In 
order to clear the operating link for the extension grate, it was 
necessary to place the point in No. 3 retort position 2 in. east, 
that is, toward the test-tuyere stack, of the center line of the re- 
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tort. At each test point, the stoker iron was burned out to ac- 
commodate a length of 1!/rin. standard pipe welded in place, 
which extended down through the roof of the doghouse. The 
guide tubes from the tuyére stacks passed through packing caps, 
welded to the roof, while those from points in the retort passed 
through 3-ft lengths of flexible steel tubing, welded to the roof at 
their lower ends and to plates welded to the guide tubes at their 
upper ends. All of the guide tubes terminated below the roof of 
the doghouse in square-cut surfaces which were used as reference 
planes to determine the distance of penetration of the probes into 
the fuel bed. 


Trst APPARATUS 


The probes used to measure temperatures and to take gas 
samples were required to withstand temperatures up to 3150 F, 
temperature gradients of 1000 deg per in., and the mechanical 
stresses incident to being forced through fuel beds 1 to 3 ft deep, 
containing coal in various stages of carbonization, coke, and oc- 
casional clinker, but still had to be small enough so that they did 
not seriously disturb the fuel bed and so that they might reach 
temperature equilibrium with the bed within a reasonable time. 
It was anticipated that each traverse of the fuel bed would prob- 
ably be terminated by failure of the probe, but it was hoped that 
many of the traverses might extend to the top surface of the bed. 

The water-cooled probe had a cooled section 8 ft long and a 12- 
in. mullite tip, 7/is in. diam. It was found that the tip was not 
strong enough to withstand the mechanical stresses to which it 
was subjected in tests over the tuyére stack, so its use was discon- 
tinued for such tests after run No. 20, the last of the preliminary 
group. Until run No. 48, the water-cooled probe was used in re- 
tort runs to locate the region of rapid temperature rise before 
stopping the stoker, but this procedure, which involved changing 
probes during a run, was abandoned after it was discovered that 
the uncooled probes were sensitive enough for this purpose. In 
run No. 43 the water-cooled probe was used with a shortened tip 
to withdraw gas samples from the upper levels of the fuel bed and 
to attempt to observe the probe from the boiler-room floor above 
the tuyéres, which had not previously been done in regular runs. 
No temperature measurements were made during this run, as it 
was felt that the close proximity of water-cooled surfaces to the 
measuring junction would invalidate the observations. The at- 
tempt to observe the probe was unsuccessful, but this was ac- 
complished in regular runs in the later series. 


With the exceptions noted, uncooled probes, shown in Fig. 14, 
were used for all the measurements reported. These probes con- 
sisted of 1-in. mullite tubes, 4 ft long, with three holes, two */1s- 
in-bore for thermocouple leads, and one 1/,-in-bore for gas sam- 
pling. The bottom six inches of the mullite were covered with a 
sprayed coating of copper so that the mullite tube could be sol- 
dered into the 1!/:-in-outside-diam sleeve by which the probe end 
was connected to the 1-in. pipe extension or carrier. This sleeve, 
shown in detail in the lower part of Fig. 14, was connected to the 
carrier by a copper-gasketed joint and carried a bakelite junction 
piece on which the thermocouple wires were connected by binding 
posts to pins which mated with the jacks in the carrier from which 
compensating lead wire ran to a polarized porcelain receptacle in 
the hexagonal base of the carrier. A copper tube, /s in. diam, 
connected the gastight space in the connecting pieces with a 
nipple on the hexagonal base. A sleeve of 1/,-in. standard pipe, 
welded to one side of the hexagonal base of the carrier parallel to 
the axis of the probe, was drilled every 3/s in. so that a chain 
passed through it to support the probe could be fixed in position 
by a pin passing through a set of holes and the chain. The pipe 
extension was marked by grooves extending one quarter of the 
distance around the pipe at every inch and by numbered grooves 
extending all the way around the pipe at every 5 in. 

Thermocouples were made of No. 24 gage platinum and plati- 
num 10 per cent rhodium wire. Silica sleeves, 24 in. long and 
11/. in. outside diam, were cemented to the measuring ends of 
probes which were to be used in the burning lanes so that they 
projected 1/s in. or somewhat less beyond the end of the probe, and 
cemented caps of Alundum (commercial alumina) and Insa-lute, 


‘a proprietary sodium-silicate cement, were laid over the thermo- 


couple junctions in the cups so formed. After drying for 3 to 4 
days, these caps were baked in a muffle furnace at a temperature 
of 800 F for 8 hr and allowed to cool slowly. The development of 
this procedure took until about the middle of the third series; 
prior to this time, the caps had not been baked and only those that 
had been stored for at least 3 weeks penetrated far into the fuel 
bed. Probes which were to be used in the retorts were not 
equipped with sleeves or caps after run No. 58, as the conditions 
in this region were not severe enough to require them. A view of 
a probe end, showing the sleeve and cap, is given in Fig. 15. 
The apparatus for drawing gas samples, designed and built by 
the Research Bureau of the Consolidated Edison Company and 
illustrated in Fig. 16, was arranged to evacuate the single-opening 


204 TRANSACTIONS OF THE A.S.M.E. 


APRIL, 1941 


Ire. 15 Enp or Uncootep Prose, Suowing SLEEVE AND Cap 


Fic. 16 Gas SampLer 


sample bottles, flush the sampling line, withdraw a spot sample of 
the gas over mercury, and compress it into the sample bottle at a 
pressure 20 to 30 mm of mercury above atmospheric. The cop- 
per-tube sampling line ran from a convenient point in the dog- 
house, where a rubber-tube connection to the probe was wired to 
it, to a point near the sampler to which it was also connected by 
rubber tubing. It contained a tee, isolated by plug cocks, 
through which it was connected to the low-pressure side of a 
double-range oil-filled draft gage. The high-pressure side of the 
gage was connected to the wind-box section immediately below the 
portion of the stoker which was being tested, so that the gage read 
directly the pressure drop through the stoker and fuel bed. This 
arrangement was used to reduce the influence of minor fluctua- 
tions of wind-box pressure on the readings. 

Gas samples were analyzed by means of a special Ellison gas 
analyzer having a 50-ml burette graduated to 31 per cent and 
with 250-ml solution containers, and by a large mercury-sealed 


apparatus, similar to that described by Evans and Davenport 
(10). All samples were run first in the small analyzer to deter- 
mine CO», Oz, and CO. If the total of these compounds fell be- 
low 18.5 per cent plus the amount of CO, the samples were trans- 
ferred to the large apparatus, in which the absorption of CO was 
completed, O2 was added, and the sample burned on a platinum 
filament. The results of the combustion were calculated on the 
assumption that the gas consisted only of Hz and CHy. No at- 
tempt was made to analyze for unsaturated hydrocarbons. The 
speed of analysis was limited by the time required for combustion. 
When a long series of samples containing combustibles was being 
analyzed, the combustion analysis of every second or third sample 
was sometimes omitted, as each sample required approximately 
40 min. Determination of CO, and O, on the small analyzer 
could be made continuously at the rate of about 15 samples per 
hr. 

Motion pictures of the fuel bed were taken, following the com- 
pletion of the tests. Plans had been made for taking these pic- 
tures during the tests themselves, but the apparatus was not com- 
pleted in time to make this possible. The piece of equipment 
which made successful pictures possible was the pyroscope which 
has already been described (22). It was designed and constructed 
by the research bureau of the Consolidated Edison Company in 
cooperation with the Bausch & Lomb Optical Company, Roches- 
ter, N. Y. In these tests, the pyroscope and camera were usually 
mounted behind the boiler, and pictures were taken through the 
special observation door at a rate of one frame every 3 sec for 
periods of several hours. Shots were also taken from the side 
door of the furnace, looking across the fuel bed, using a camera 
speed of 64 frames per sec (slow motion) in order to observe the 
action of “popcorn,” or flycoke. 

In addition to the instruments just described which were de- 
veloped especially for these tests, the regular operating instru- 
ments were also used and these were supplemented in some cases 
by calibrated test instruments. Steam flow was read from the 
Bailey boiler meter, which, in this installation contains two steam- 
flow elements, one for the west-side superheater outlet, and one, 
connected with the west-side meter by a totalizing linkage, for the 


TABLE 9 BAILEY AIR-FLOWMETER CHECKS; BOILER NO. 73 
HELL GATE GENERATING STATION 


Dakeecuenient aut ote 11/18/37 2/24/38 3/11/38 4/6/38 
Steam-flow reading. . 148 224 220 207 
Air-flow reading..... 143 231 232 215 
Gas-analysis traverse, per cent COz-——— 
Distance from By AAW reiBig a Widat s Jostck wade SE nko 
side wall, ft 
1 8.0 9.7 9.9 9.8 10.6 10.0 8.6 8.0 
3 11461 9105899110 1006) 91154 10 Jo eo LEST 
5 Lb. G0 TeGueileds lo. 8 ears sil homer a et 12.5 
7 16580 1671 1206 VIS sO i318 sea 12.7 
9 16.7 15.6. 14.7 13.6. 14,4 14.2 14.4 12,7 
11 15.8 16.6) 1476" 14°9°45.3 “ta f4°7 14.0 
Average COs, per 
COU Nast a fely cua he 13.8 12.3 12.7 12.2 
Corresponding total 
air, per cent...... 135 152 147 153 
Total air with pens 
together, per cent. 140 147 140 148 
O2 with pens to- 
gether, per cent... 13.4 12.7 13.4 12.7 


Nore: Boiler out for overhaul, thoroughly cleaned January 25 to February 
24, External cleaning only, March 19-20, 
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east side. These meters were checked against a static water 
column several times during the course of the tests and at no time 
was any correction found necessary. Air flow was read from the 
Bailey-meter air-flow pen, the setting of which was checked 
against Orsat traverses four times during the course of the tests, 
with the results shown in Table 9. Both steam- flow- and air-flow- 
meter checks were run by the Station Service Bureau of the Tech- 
nical Service Department, using their standardized procedure. 
The air-flow-pen setting was not changed during the course of the 
tests, so that the variations in excess air with pens together are 
due to changes in the cleanness of the boiler. These variations 
were taken into account in calculating air flows from the observa- 
tions. Furnace- and boiler-outlet drafts were read on an inclined 
draft gage, and the wind-box pressure under the test section was 
read on a vertical draft gage. The latter reading was compared 
with the operating wind-box pressure-gage reading, taken below 
the division plates between sections, to assure uniform operation 
during the tests. Steam temperatures were read on two en- 
graved-stem test thermometers set in wells in the two super- 
heater outlet headers, and feedwater temperature to the boiler 
was read on a test thermometer in the economizer outlet. A 
Ranarex CO, recorder was installed with a sampling line drawing 
from the third pass of the boiler directly above the test section, 
in order to observe the effect of changes in operating conditions 
on the gas stratification in the boiler passes. 

The speed of the stoker was observed by timing a revolution 
with a stop watch and the length of the strokes of the secondary 
rams was measured with a foot rule. A log of all the ram strokes 
was kept after run No. 68; prior to this time only the stroke in 
the test retort had been recorded. 


Coan Usrep IN TESTS 


Coal is delivered to the station by barges from which it is 
hoisted to unloading towers containing screens and crushers which 
may be by-passed. From the tower it is dropped into cars oper- 
ating on a cable railway which distribute it to the various bunk- 
ers. Samples for proximate analysis and heating-value deter- 
mination are taken from the stream flowing from the coal tower 
into the cars. Coal for these tests was delivered to bunker No. 6, 
of about 350 tons capacity. The lorry serving the sixth and sev- 
enth rows of boilers could be filled from No. 6 bunker by the 
use of a transfer feed screw. Throughout the first four series of 
tests, the bunker was kept filled with Lower Kittaning run-of- 
mine coal, excepting for a period of about 2 days around March 15 
(just before series 3), when a special coal under test by the oper- 
ating department was in the bunker. For each of the last three 
series of tests in which special coals were used, the bunker was 
carefully cleaned before the special coals were dumped. When 
the Pocahontas No. 3 and “sized” Lower Kittaning coals were 
being hoisted, the crusher was by-passed, but at all other times 
the coal passed through the crushers as in normal operation. The 
stoker hopper was filled at hourly intervals from the weigh lorry, 
the weight of each dump being recorded. The lorry was com- 
pletely emptied before drawing coal from No. 6 bunker for the test 
boiler. 

Samples of coal for size analysis were taken from the stoker 
hopper by means of a long-handled scoop with a capacity of 
about 3lb. Four scoopfuls were taken at points spaced approxi- 
mately evenly across the stoker hopper to give gross samples of 
about 300 lb. The size analysis was determined by the use of a 
Tyler 12-in-square rocking-sieve shaker for sieves coarser than 
3/,in. round hole, and 8-in. round hand screens for finer sizes. 
No measurements were made of segregation in the stoker hopper, 
as visual observation indicated this to be negligible as is to be ex- 
pected in view of the use of a lorry for filling. The analyses of 
the coals are given in Table 2; the size analyses are plotted to 
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log probability coordinates in Fig. 1. The size distributions of 
the coals used in series 1, 3, 4, and 5 are so much alike that they 
may be represented by a single curve, which is not, however, a 
continuous straight line. Series 2 has a coarser size distribution 
than that of the other series using Lower Kittaning run-of-mine 
coal, because the crusher usually used was out of service during a 
part of the period. The coal of series 6 was sized at the cleaning 
plant by removal of the 5/,,in. fines, and has a somewhat coarser 
distribution than the other coals. There was a considerable 
amount of degradation in transit so that almost 45 per cent of it 
is finer than /, in., as received. The high-volatile coal, used in 
series 7, is almost as coarse in the large sizes as the coals of series 
2 and 6 but contains an excessive amount of superfines, about 9 
per cent passing a No. 100 screen. 

All analytical data excepting sizing were determined by the 
technical service department of the company, using standard- 
ized procedures. 


Trstinc PROCEDURE 


A full crew for the tests consisted of seven men, four being as- 
signed to the doghouse, and one each to the boiler-room floor, to 
the chemistry, laboratory, and to relief and supervision. Of those 
assigned to the doghouse, two handled the probes within the dog- 
house itself, one operated the gas sampler and read the pressure 
differential, and one read the potentiometer, handled communica- 
tions with the boiler-room floor, and recorded data. Operation 
of the gas sampler required the development of a considerable de- 
gree of skill, so that every effort was made to keep the same man 
on this job. The man on the boiler-room floor read the boiler- 
operating and test instruments at 15-min intervals, took coal 
samples from the stoker hopper each time it was filled, supervised 
the operation of the stoker, and kept the crew in the doghouse in- 
formed of the conditions of operation. The man assigned to the 
chemistry laboratory, who operated the gas-analysis apparatus 
with the intermittent assistance of the man on relief, had to de- 
velop a high degree of skill, and continuity in this assignment was 
essential for satisfactory analytical results. The relief man gen- 
erally supervised the entire procedure, transported samples and 
probes, assisted in the gas analysis, and relieved the men in the 
doghouse at intervals. Relief was especially necessary for the 
men assigned to handling the probe, as the doghouse was usually 
hot and sometimes was rather gassy because of fumes blown down 
through the guide tubes from the fuel bed. Tests could be run 
for short periods with only six men, but this was avoided when- 
ever possible, since it invariably resulted in the gas analysis fall- 
ing behind. 

Different procedures were used in tuyére tests and tests over the 
retort. Ina tuyére test, the probe was inserted in the guide tube 
and raised until the tip was about 10 in. below the level of the 
tuyére plates. It was then blown out from the compressed-air 
line and the gas-sampling line and thermocouple-extension leads 
were connected. At this time the potentiometer, gas sampler, 
and draft gage were checked. Then the probe was moved up to 
1 in. below the level of the tuyére. The chain was passed through 
the sleeve and pinned in place, the temperature and draft readings 
were started. The man on the boiler-room floor, who had pre- 
viously notified the doghouse that conditions were sufficiently 
steady and representative for testing, was informed by telephone 
of the beginning of the test. The probe was advanced by !/2-in. 
steps, temperatures and pressure differentials being read at each 
step, and from 1/2 in. above the level of the tuyére gas samples 
were taken at each position. Beyond 5 in. above the level of the 
tuyéres the probe was advanced by 1 in. at each step after run 
No. 64. The probe was held in each position for at least 21/2 
min, which was sufficient to allow reading the draft gage, a 40 to 
50-sec flushing of the gas-sampling line, and drawing a gas sample, 
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TABLE 10 SAMPLE LOG OF TUYERE TEST; RUN NO. 72 


(No. 2 tuyére, east; zero = 251/2 in.; March 25, 1938) 
Potenti- 
ometer 

Position, reading, 
Time in, mv 
241/> 0.8 


Bed 
differential, 
in. water no. 
2.05 


Temp, 
F 


385 
1.0 


450 
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while temperatures were read every 1/.min. The probe was ad- 
vanced until it broke, as indicated by open circuit of the thermo- 
couple, or until the probe was sighted above the level of the fuel 
bed. A portion of the log from run No. 72 is shown in Table 10, 
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TABLE 11 SAMPLE LOG OF RETORT TEST; RUN NO. 61 
(No. 2 retort, west; zero = 71/2 in.; March 9, 1938) 


Potentiometer Bed 
Position, reading, Temp, differential, Sample 
Time in. mv F in, water no. 
Stoker stopped at 10:09 
71/2 OW 2.9 
121/> 0.2 95 2.2 
171/, 0.2 2.2 
221/ 0.2 2.5 
25 0.2 2.6 
26 0.2 2.6 
27 0.2 2.65 
28 0.2 2.65 
29 0.2 2.7 
30 0.2 2.8 
31 On 2.8 
10:14 32 0.2 95 2.8 
10:141/2 0.6 200 
15 Let 320 
1.8 470 
16 2.3 570 50 Slow 
33 3.6 820 2.9 
17 4.0 890 
4.7 1020 
18 5.1 1090 
5.5 1160 
19 5.7 1195 51 Slow 
Pulled probe out 
Stoker stopped at 10:53 
10:54 31 0.5 175 3.1 
55 0.6 200 
0.8 250 52 
56 32 uiaal 320 2.95 
Rh 450 
57 32 2.3 570 
2.9 685 
58 3.4 780 
3.9 875 53 
59 33 4.4 965 
5.5 1160 2.8 


Nore: No sleeve and no Alundum on tip of probe, 


The procedure in the retort developed as the tests were carried 
on. The problem that necessitated a difference in procedure be- 
tween the retort and tuyére tests was that introduced by the mo- 
tion of the stoker. Over the tuyéres, the fuel did not move 
enough to break the probe but, in the retort, the relative motion 
between fuel and pusher was sufficiently great to shear the probe 
off at every stroke. Preliminary tests showed that the probe 
could be kept in the fuel bed during the time the pusher was mov- 
ing down the stoker, that is, toward the bridge wall, without break- 
age, but on the return stroke the probe was broken every time it 
was allowed to remain in. Since a time longer than the period 
between strokes was required for taking readings at each posi- 
tion, it was obvious that the stoker, or at least the section of it 
under test, must be stopped while the readings were taken. 
About 10 min prior to the test, the test section of the stoker was 
put in high speed by means of the gear-change box. The probe 
was inserted to a position several inches below the level of the 
secondary ram and the instruments checked. Then the man on 
the boiler-room floor was instructed to stop the test section and 
inform the doghouse .he instant this was done. The prob was 
raised to the level of the top of the ram and advanced by 5-in. 
steps as rapidly as readings of temperature and pressure differen- 
tial could be made. This was continued up to the neighborhood 
of the region of rapid temperature rise, known from previous ex- 
perience to be more than 25 in. above the level of the ram at No. 1 
position, and more than 20 in. at No. 2 position. From here on 
the probe was advanced by 2-in. and then by 1-in. steps, holding 
it at each position for about 1/, min, in order to make certain that 
any rise in temperature would be observed. As soon as the gal- 
vanometer needle moved off zero, the advance was stopped and 
the temperature was recorded at ‘/.-min intervals, while the 
pressure differential was read and a gas sample drawn. From 
this point, the probe was advanced 1 in. at a time, taking 21/. min 
at each position, until not more than 13 min had elapsed after 
stopping the stoker, when it was withdrawn. The section of the 
stoker was again started in high speed and run for about 15 to 20 
min to build up the fuel bed to its original condition. If the 


, probe had not been observed during the previous part of the 
run the stoker was stopped again and the probe was again in- 
serted and advanced by 1-in. steps from 1 in. below the last pre- 
vious position. The probe was invariably sighted from the boiler- 


2:15—Fuel bed appears even 
from east door appears 
1/. stoker length. Fire 


Considerable amount of small clinkers on extension grate, 
fuel rather well burned 


under fuel in retorts and on tuyéres; 


out on extension grates. Furnace clear except at neck 


over entire stoker from west door, but 
heavier on west side from neck down to 
light but not much “popcorning.”’ 


and 


where 


it is quite smoky; flame short; no secondary combustion top 


of first pass. 


room floor during the second half of the test before 
elapsed. 


In tests in No. 3 retort position, the procedure was yet different 
since at this position the guide tube terminated in the dead plate 
just above the extension grate, where the motion of the fuel was 


not sufficient to break probes when they were less 
above the level of the dead plate. 
probe was inserted 
without stopping the stoker. 
served, gas samples were taken at each level. 


SrokEeR OPERATION 


During the tests, 
normal operation had to be maintained to permit 


culation of the air flow through the test section as 
air-flow rate through the stoker. 


discharged through the trap in the doghouse roof an 
was in normal operation on automatic control. 


to Friday the fire was cleaned as early as possible on 


more uniform fires than those required for 
duplication of 
conditions in the various tests in each series, and to allow the cal- 


For this reason, it was neces- 
sary to place the operation of the boiler on a special schedule. 


Over week ends the doghouse was closed so that siftings could be 


From Monday 


13 min had 


than 5 in. 


In tests at this position, the 
and moved upward by 1-in. steps to 5 in. 
When high temperatures were ob- 
When the probe 
reached 5 in. above the dead plate, the stoker was stopped and 
the run was continued in just the same way as in any other re- 
tort test. A sample log of a retort run (No. 61) is given in Table 
11, and a sample of the boiler-room floor log is given in Table 12. 


the average 


d the boiler 


the 12 to 8 


watch, but the pit was not ground down after cleaning. The 


fire was normally banked during and after cleaning, and was op- 
erated on automatic control in accordance with load requirements 
after coming off bank until 8 a.m., when it was placed on hand 
control and run at the test rating during the remainder of the day. 


At the end of the tests, it was put back on automatic 
was in normal operation for the remainder of the 4 t 
The doghouse was opened at 8 a.m. on Monday a 


control and 
o 12 watch. 
nd was left 
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TABLE 12 SAMPLE OF BOILER-ROOM FLOOR LOG; RUN NO. 72; MARCH 25, 1938 
Draft i 
Third Wind-box B.O. Feed- eg 
; : pass, pressure, gas Superheat temperature water Pusher 1 revo- Ranarex 
Chart ——Steam—— p Furnace, in. in. temp, ast, West, temp, stroke lution Ox 
time Total West Air in. water water water F F ii) min-sec per cent 
0 = 0.10 
2:15 195 160 237 0.27 1.03 2.80 595 655 658 323 5 1-11 
30 200 180 237 0.28 1.035 2.80 598 656 638 326 a iki 138 
45 195 180 237 0.275 1.045 2.80 600 661 657 328 5/8 1-8 12.5 
3:00 200 180 237 0.275 1.01 2-70 600 662 655 327 5/3 1-8 12.5 
} 15 196 182 236 0.295 1.035 2.70 595 660 654 325 5/8 1-6 13.0 
‘ : Fire Conditions 
Chart time hart time 


2:38—Speeded up stoker on rheostat to 1 revolution in 1 min 8 sec. 
Half-moon effect on extension grate. 


2:45—Burning lane at test position veering off to right, viewed from 


rear 


door. 


3:00—Fire light. 


3:10—Saw probe in center of burning lane. 


below 
fuel b 


(2) 


} Tip of probe about 2 in. 
top of burning lane and about 7 to 8 in. below top of 
ed. 


(b) 
Fig. 17 Fire Contours 
(a, Normal or long fire; b, short fire.) 


Fig.18 Lone Fire; Srncup FRAME FRoM Morton PicrurRES TAKEN 


May 13, 1938 


(Load 124,000 Ib of steam per hr; excess air 36 per cent.) 


open, siftings being allowed to accumulate on the roof, until Fri- 


day night. 


Slagging of the first pass of the boiler with hand water 


lances, which had to be done three times a week on the day watch, 


was carrie 
Thursdays 
2 days, 


During normal operation, the output of 


d out the first thing in the morning on Tuesdays, 
, and Saturdays, thus interfering with testing on only 


when the testing day was shortened by about 1 hr. 


the boiler is governed 


by an automatic regulator (Smoot combustion control) which 
controls the air flow through the boiler in accordance with im- 


pulses sent out by a master controller, actuated by the main 
This regulator controls the draft at the boiler 


steam pressure. 


outlet; the wind-box pressure is controlled by another regulator, 


Fig. 19 SHort Fire; 


SincLe Frame From Motion PICTURES 
Taken May 14, 1938 
(Load 119,000 Ib of steam per hr; excess air 53 per cent.) 
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not subject to loading by the master controller, which maintains 
a constant furnace draft. Stoker speed is determined by the 
voltage generated by a separate motor generator set for each 
row of boilers, not usually operated on the automatic control, 
modified by individual stoker-motor field rheostats at each boiler. 
During tests, the boiler outlet draft was taken off automatic control 
so that the regulator did not receive the impulses from the master 
controller, and was set by hand at a constant load. The wind- 
box pressure regulator was left in service and the stoker-motor 
motor generator set was adjusted to give a voltage correspond- 
ing to the test load. 

The stoker was operated by the regular operators with the ad- 
vice and assistance of the test crew. This assistance became 
more extensive as the tests advanced and the conditions of opera- 
tion departed more and more from normal. During the first two 
series, while the test crew was relatively unacquainted with the 
standard of operations and when it was desirable that the op- 
erating conditions be as nearly normal as possible, the test crew 
exercised but little supervision beyond recording changes in the 
settings of the various controls. With the beginning of series 3, 
which was run with high excess air, the necessity of operating with 
a thinner fuel bed than normal made it necessary for the test crew 
to take part in the adjustment of the stoker to a greater extent 
than previously; this necessity continued throughout the remain- 
ing series, especially when coals which were unfamiliar to the 
station operators were being fired. 

During the first three series of runs, the normal fire contour, 
sketched in Fig. 17(a), was maintained. The sketch shows the 
approximate profile of the general level of the fire, set by the level 
of the fuel in the retorts. It could be seen from the rear observa- 
tion door that the burning lanes were open channels in which a 
fuel level could not be observed. When the fire was thinned 
down to secure high excess-air operation in series 3, it was found 
extremely difficult to keep fuel on the tuyéres at the head end of 
the stoker and to keep blowing from the front wall within bounds. 
Drifts of “popcorn” built up along the bridge wall and on one 
occasion the fuel was blown completely away from 8 or 4 ft of the 
upper end of the stoker. To overcome this difficulty, the con- 
tour of the fire was changed to that shown in Fig. 17(6), referred 
to as the short fire, by shortening the strokes of the secondary 
rams, and testing was continued as series 4. 

Short-fire operation was continued throughout the remainder 
of the tests except with the high-volatile coal, both with high and 
with normal excess air, as it was found not only to decrease the 
amount of “popcorning,” but also to decrease slightly the degree 
of stratification in the flue gas, as can be observed by comparing 
the traverse shown in Table 11 on April 6, run with a short fire, 
with the others in the table run with a normal fire. It caused a 
marked decrease in secondary combustion, observed at the top of 
the first pass, and produced a fire which was more completely 
burned out on the tail than the normal practice. In fact, it was 
necessary to carry the pit at a much higher level than the usual 
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TABLE 13 COMPARISON OF GAS SAMPLES v 
PROBES AT NO. 2 TUYERE, WEST 
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practice in this station in order to prevent the appearance of holes 
in the lower end of the fire. The differences in the general ap- 
pearance of the long and short fires are shown in Figs. 18 and 19, 
made from single frames of the motion pictures taken after the 
tests. Part of the increased clearness of Fig. 19 is due to the in- 
creased excess air, as this picture was taken under conditions ap- 
proximating those of series 4, while Fig. 18 was typical of series 2. 
The increase in the width of the burning lanes with the short fire 
is, however, quite apparent. 

When special coals were burned for the tests, the new coal was 
burned for 24 hr before any tests were run, in order to assure that 
only the special coal would be in the fire during the tests and to 
give the test crew time to work out the proper conditions for firing 
the new coal. 


PRELIMINARY Txsts 


The results of the tests run in August and September, 1937, have 
already been referred to as showing the feasibility of the proposed 
test procedure and indicating the need for redesign of the origi- 
nal probes to the forms described. In addition to these, the 
first 20 runs made after the beginning of intensive testing on 
November 1 were in the nature of preliminary runs and were de- 
voted mainly to a comparison of the compositions of gas samples 
drawn by the water-cooled and uncooled probes and to the tem- 
perature indications of the two kinds of probes. 

When the uncooled probes were first used in these runs, they 
were not equipped with sleeves or caps and it was found that they 
broke, apparently because of the thermal shock, after penetra- 
tions of only 2to3in. H.W. Russell, chief physicist of Battelle 
Memorial Institute, suggested, on hearing of this difficulty, that 
the mullite tubes be provided with silica sleeves which, although 
they could not stand the maximum temperatures encountered, 
would slow up the rate of heat penetration in the early stages 
enough to prevent spalling. When this was done, it was found 
that the probes penetrated well into the bed without breaking; 
but that the thermocouples were attacked by slag in the region 
of high temperature, leading to erroneous temperature indica- 
tions. This difficulty was eliminated by the provision of the 
cemented caps described in the section on “Test Apparatus.” 
These provisions made the uncooled probes quite massive, caus- 
ing their indications of temperature to lag in the early stages of 
each run. The method of correcting for this is described in the 
next section on “Supplementary Data.” 

The water-cooled probes used in the preliminary tests were also 
provided with silica sleeves and caps, but failed because of me- 
chanical breakage, so their use was discontinued. There was, 
however, some question as to whether gas samples taken with the 
uncooled probes would be cooled rapidly enough to quench the 
gas reactions and thus be representative of conditions in the fuel 
bed. The data in Table 13 show a comparison of gas samples 
taken from the same levels at No. 2 tuyére, west position, by both 
the water-cooled and uncooled probes. While these early runs 


DRAWN WITH COOLED AND UNCOOLED 


Ben Water-cooled probe-———_——____ Uncooled probe————_——+ 
above 
tuyéres, Run CO: Ox co Total Run COz Oz co Total 
in. No. per cent percent percent per cent No. percent per cent per cent per cent 
1 4 2.2 15.6 0.3 18.1 3 0.0 15.8 0.0 15.8 
8 3.6 15.4 0.2 19.2 9 2.8 15.9 One 18.8 
sta] IL Me 18.2 0.0 19,7 14 5.2 14.4 0.1 19.7 
15 6.9 12.4 2.5 21.8 
11/> 7 0.9 18.4 0.0 19.3 
10 6.9 10.6 seit Ae 
3 2 7.9 "16e2) 2.9 17.0 3 0.7 19.1 0.7 20.5 
4 6.7 5.1 3.7 15.5 7 8.1 11.8 0.2 20.1 
8 13.8 4.5 3.1 21.4 9 8.1 6.8 4.0 18.9 
11 ON 20.3 0.3 21.3 10 11.9 5.6 2.1 19.6 
15 13.1 5.8 0.4 19.3 14 14.0 Le? 3.8 19.0 
5 11 ibe 18.8 0.4 20.7 vé 8.5 TT 0.0 19.7 
= 15 5.7 wee 6.2 19.6 14 L238 deh 4.4 19.7 
7 11 0.5 19.9 0.2 20.6 7 iE) 18.2 0.2 19.4 
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rarely penetrated beyond 8 in. into the bed, and the analysis for 
H, and CH, in these samples was not completed, the data show 
that the differences between samples taken by the water-cooled 
and by the uncooled probes were less than the differences among 
samples taken by either one. In particular, the samples taken in 
run No. 9 with the uncooled probe are parallel to those taken in 
run No. 8 with the cooled probe, those from No. 3 with the un- 
cooled probe to those from No. 11 with the water-cooled probe, 
and so on. 

These results indicated that the water-cooled probe did not 
quench the gas reactions any more rapidly than the uncooled 
probe, as might be anticipated from the fact that the top ten 
inches of the water-cooled probe were uncooled. On the other 
hand, samples taken with the water-cooled probe and a tip only 
2 in. long (run No. 43, when no temperature measurements were 
made) do not differ consistently from samples taken at the same 
points with the uncooled probe. Finally, many samples taken 
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with the uncooled probe, from levels more than 4 in. above the 
tuyéres, had analyses showing the presence of up to 10 per cent of 
combustible gases mixed with 3 per cent of oxygen. These facts 
indicated that the gas reactions may be rapidly enough quenched 
even in the uncooled probe to introduce only negligible errors 
in the gas compositions observed. 


SUPPLEMENTARY DATA 


(a) Correction of Temperature Indications. ‘Tables 10 and 11 
show that the temperatures, recorded when entering the fuel bed 
above the tuyéres and when passing through the hot layer above 
the retorts, did not reach steady values. It was recognized that 
the probes were so heavy as to raise the question of temperature 
equilibrium between them and their surroundings, so in the earlier 
tests they were held in position until the rate of rise of tempera- 


HEIGHT 
HEATER 
RUN NO. FURNACE paps CURRENT NOTE 
MUFFLE 
AS IN FIG. 4 
won “ " 
wonomon 
wooo 
now " " 


STARTCO 
co”e 


we 


08 


dT 
oa +0.766 47 


0.24% 
ok 
fo) 0.2 0.4 0.6 0.8 1.0 1.2 
te aN 
” MIN. 


Data FOR CorRECTING TEMPERATURE INDICATIONS OF UN- 
CAPPED PROBES 


Fia. 21 


TABLE 14 RESULTS OF TESTS CALCULATED FROM MOTION-PICTURE FILMS 


Transverse Time 
distance of 
-——Film speed—— as fraction motion 
Projected Exposed ofctoc as Transverse 
frames frames distance of | projected, velocity, 
Set per sec per min tuyéres sec fph ——_——Caleulated_____. 
Long fire 
1 12.6 18.0 0.075 6 1.85 Rating, 1000 lb per hr: 
0.076 14 0.81 OR Wet 8 Oye 3 cae EB ker orate uO 125 
Goalies sete eee le See eels 12.7 
2 14.9 18.0 0.106 10 1.33 Burning rate referred to air ad- 
—0.057 21 —0.34 mission surface...........+-- 69.8 
0.161 28 0.72 
3 13.6 18.0 0.034 7 0.67 Per foot length of tuyéres...... clit 
0.068 11 0.85 f 
—0.155 18 —1.18 Fuel bed depth, ins... 7.022556 =5 14 
0.106 10 1.45 i 
Average 0.68=+0.22 Coal flow rate........--..+-5.6s 0.58 
Short fire 
i 14.8 18.0 0.101 12 1.06 
—0.089 9 —1.25 
0.153 11 1.76 
. 0.072 13 0.70 Rating, 1000 lb per hr: 
2 13:9 18.0 0.095 14 0.96 SiS ame Mie edicts ene eine tee 119 
0.095 7 1.83 
0.057 12 0.65 Coats. ees ee ea comes ee 12.2 
3 14.4 18.0 0.078 8 1.26 Burning rate referred to air ad- 
0.070 13 0.70 Mission SUTLACE. 6. oa ak 67.2 
0.039 10 0.51 
0.068 16 0.55 
0.072 10 0.94 Per foot length of tuyéres..... 58.8 
4 18.0 0.082 8 1.38 1 
: Aae8 —0.028 9 —0.42 Buel-bed. depth, imi... 0.756 5). 12 
0.037 7 0.52 : 
Average 0.75 £0.14 Coal flow rate..........-.-+.++. 0.65 
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ture fell to 0.2 mv (32 F) per min in the belief that this would 
assure a discrepancy between the temperature observed and that 
of the surroundings less than the expected error (150 F). This 
required 5 min or more and thus shortened the traverses which 
could be made within the normal life of the probes, so this proce- 
dure was abandoned. It became necessary, therefore, to esti- 
mate, from the observed data, the temperature which would have 
been reached by the probe if left for an indefinite time at each of 
the lower levels. 

In order to do this, tests of capped probes were made in one of 
the pot-type furnaces in the Fuel Laboratory of the Pittsburgh 
Experiment Station of the U. S. Bureau of Mines, and of the un- 
capped probes in a special setup in the Coal Research Laboratory. 
The details of procedure and of analysis of the data are reported 
elsewhere (25), but the results of the tests are embodied in Figs. 
20 and 21, applying to capped and uncapped probes, respectively. 
These curves give data by the use of which the temperature of 
the surroundings, referred to as T1, may be calculated when both 
the indicated temperature 7 and its rate of rise at the time of ob- 


dT tah 
servation i are known. Thus, suppose the indicated tempera- 


ture with the capped probe is 1385 F and the rate of rise is 0.63 
EA irom Fig 20, ab 0 ='063 heat er) 
min dt min dt 

is 0.283 X 107%, giving 7:4 — T4 = 27 X 10. Since (1385 
+ 460)4 = 11.56 X 10”, 7,4 = 38.6 X 10" and T, = (2490 — 460) 
= 2030 F. Fig. 21 is used in the same way except that only the 
first powers appear and absolute temperatures need not be 
calculated. It is estimated that corrected temperatures calcu- 
lated in this way are within +90 F of the radiant mean tem- 
perature at the point with the capped probes, and within +150 
F with uncapped probes. 

The temperatures at points, at which a continuous change was 
observed, have been corrected by the method thus described. 
These include the points less than 3 to 31/2 in. above the tuyéres 
and those in the thin (about 2 in. thick) heated skin at the top of 
the retorts. At all other points, the observed temperatures were 
averaged, omitting from the average any continuous series 
which may have appeared at the beginning of the observation 
period, in which successive readings differed by more than 0.1 mv 
(15 F). It is estimated that these temperatures are in error by 
not more than 100 F, and considered probable that, if a consistent 
error exists, it is such as to make the recorded temperatures too 
low. 

(b) Estimate of the Flow Velocity of the Fuel. The magnitude 
of the transverse component of the fuel flow was estimated from 
the motion pictures taken at the end of the tests. This compo- 
nent is responsible for the delivery of coked fuel from the retorts 
to the tuyéres and has the direction of the horizontal perpendicu- 
lar to the center lines of the tuyére stacks and retorts. It is con- 
sidered positive in the direction from the center line of the retort 
toward the center line of the next adjacent tuyére stack. 

Films taken through the auxiliary door in the rear wall of the 
furnace were projected through a glass balance case on a screen 
of tracing paper mounted inside the case, thus making it possible 
to mark the position on the back of the tracing paper of any promi- 
nent object at any time. Using a metronome as a timer, the 
progress of several bodies of fuel shown in each portion of the film 
was marked as points at !/,-sec intervals, while the film was being 
projected at a known rate. The center lines of the tuyére stacks 
were also shown on the tracing by passing a line through the aver- 
age position of the burning lane. The line of dots, representing 
the progress of each body of fuel, usually sloped downward to- 
ward the center lines of the tuyéres, although a few sloped away 
from them. From the slope of the line, making allowance for 
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perspective, the number of dots, representing the time of projec- 
tion, and the ratio of film speed as projected to that during ex- 
posure, the transverse component of the velocity of the fuel could 
be calculated. 

Some results calculated in this way from films taken at a load 
of 125,000 Ib of steam per hr with both long and short fires are 
shown in Table 14. The films exposed at a lower load were too 
cloudy to permit calculation. The results have only a low pre- 
cision, but the values observed are close to those calculated from 
the dimensions of the bed. Moreover, the observed difference be- 
tween the flow velocities in the long and short fires is parallel to 
that calculated. 
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Parallel Versus Individual Operation 
of Multicyclones 


By L. C. WHITON, JR.,! PORT CHESTER, N. Y. 


In this paper, the author discusses the problem of de- 
termining the comparative efficiencies of individual 
cyclone-type dust collectors and cyclones grouped with 
interconnecting ducts and hoppers. The test setup and 
procedure followed are described fully, while the results 
are completely tabulated. The conclusion is reached 
that, with a damper-equipped cyclone of the size used in 
actual practice and operated under identical conditions 
of resistance and temperature, performance of the indi- 
vidual cyclone is representative of the group in the field. 


HE increasing adoption of cyclone-type dust collectors in 

series for parallel operation indicates the importance of 

determining whether an individual cyclone or a group of 
cyclones with interconnecting ducts and hoppers would have the 
same dust-collection-efficiency characteristics. This is partly 
due to the fact that extremely accurate collection efficiencies may 
be determined for an individual cyclone, since a single unit 
handles a relatively small quantity of gas and, therefore, can be 
tested for its efficiency, other than by merely sampling the dust 
in the gas. The possibility of experimental error in the sampling 
method of determination is necessarily considerable.? How- 
ever, by utilizing an individual cyclone, a far more ac- 
curate measure of the efficiency of this cyclone can be made 
by any one of several methods. For example, a given 
quantity of dust can be introduced into an otherwise dust- 
free gas, and the amount collected used for determining 
collection efficiency. 

Another accurate method of test can be arrived at by 
connecting a single cyclone to a flue, weighing the dust 
caught in an individual hopper for the collector, and then 
collecting the escaping dust in a cloth bag and determining 
the increase in the weight of the bag. By comparing the 
absolute weight of dust caught and the increase in the 
weight of the cloth collector, a greater degree of accuracy 
of the efficiency determination may be attained than 
by sampling at the inlet and outlet of a cyclone collector, 
due to the greater experimental error inherent in the sampling 
method. 

Such results have been studied, and field tests on a group of 
multicyclones of the same design have been shown to correspond 
accurately with observations made when one cyclone was tested.* 

Nevertheless, it is important to observe the operation of indi- 
vidual or multiple cyclones under precisely the same conditions, in 
order to determine whether possible recirculation through certain 
of the cyclones destroys the efficiency of any of them because of 
varying static conditions, thus causing an over-all collection with 
multiple units which would not be true with an individual unit. 

1 Prat-Daniel Corporation. 

2 “Testing Dust Collectors,’ by J. E. Watson, Power, November, 
1939, pp. 68-70. + 

8 “Dust-Collection Tests at New Power Plant of the Industrial 
Rayon Corporation,” by C. B. McBride, Combustion, September, 
1939, pp. 36-38. 

Contributed by the Fuels Division and presented at the Semi- 
Annual Meeting, Milwaukee, Wis., June 17-20, 1940, of Tur AMBRI- 
CAN Socipty oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society. 


Tests or SiveuB- AND Mu.trreLtE-CycLoNgé OPERATION 


To check the matter a test setup was prepared as shown in 
Fig. 1. The arrangement consisted of three commercial-size 
cyclones with a common inlet and outlet duct, and a common bin. 
At the bottom of each cyclone and within the bin, a threaded 
connection was made so that small individual bins could be at- 
tached to the cyclones, although they would still have common 
inlet and outlet ducts. These individual bins prevented any 
circulation between cyclones via the bin. 

All cyclones were of Thermix design, the important feature of 
which is that each cyclone is equipped with a vertical damper at 
the inlet. Although in practice these vertical dampers are in- 
terconnected by an outside mechanism so that they are all in the 
same relative position, it was possible in connection with the 
second series of tests to be described to place them in variable 
positions so that one cyclone would handle a considerably greater 
quantity of gas than another. Thus the worst possible condi- 
tions were reproduced; hence, if any circulation were to occur 
with a resultant drop in collection efficiency, this fact would be 
noted. 


Inonmipvar Bin 
Common Bin 


Fig. 1 Txsr Serur or THREE MuLTICYCLONES IN PARALLEL 


The dust used for testing was collected by an electrostatic pre- 
cipitator and was unusually fine due to some loss of coarser par- 
ticles in the gas which escaped therefrom. The analysis of this 
dust follows: On 100 mesh, 2.86; through 100 on 200 mesh, 
14.00; through 200 on 325 mesh, 10.38; through 325 mesh, 72.76. 

No attempt was made to use hot gases, since a comparison in 
operation rather than an absolute determination of cyclone effi- 
ciency was to be made. 

The dust, of which several barrels were received, was carefully 
mixed in a large bin in order to obtain a mixture that so far as 
possible would be uniform. 

In the test, air was drawn through the cyclones at a predeter- 
mined draft loss by means of an induced-draft fan at the outlet. 
The dust was fed through a 15-ft duct to the immediate inlet of 
the cyclones at an approximate rate of 2.5 to 3.5 grains per cu ft 
of air. The feeding mechanism was a special hopper, equipped 
with screens and a rotating device, which supplied an even load 
of dust. The mixture of air and dust was passed through an egg- 
crate guide in order to even the flow into the inlet duct immedi- 
ately above the cyclones. 

Although, as stated, the dust was carefully mixed, it was felt 
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that it might still be possible for certain portions in the bin to be 
coarser than others. In order to diminish the chance of errors 
occurring from this cause, the tests were run first with a common 
and then with an individual bin, rather than entire series of tests 
with a common bin, and then again with an individual bin. 
After each test, dust settling on the bottom of the 15-ft inlet duct 
was stirred with an air lance and allowed to pass through the 
collector. 
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As is shown in Fig. 2, the damper in the cyclone could be ad- 
justed to ten different positions. Position 7 was tangential with 
the cylindrical body of the cyclone and was the maximum open- 


ing permissible to obtain good dust collection and similar to the 
normal design of the cyclone inlet with the damper omitted. 


ConDITIONS AND RESULTS OF TESTS 


In the first series of tests, the results of which are given in 
Table 1, all three dampers were set in position 7. The draft loss 
of the cyclones was maintained at 2in. There was a slight varia- 
tion in temperature caused by a near-by furnace which was op- 
erating in the test laboratories. Also, in this first series, there 
was a variation in grain loading, due to the operation of the 
loader, which was not as uniform as desired. However, it is to 
be noted that the variation between 2 and 20 grains per cu ft does 
not noticeably affect the collection efficiency. 


4 “Operating Variables of Cyclone Dust Collectors,”” by L. C. 
Whiton, Jr., Chem. & Met. Engr., March, 1932, p. 150. 
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The average collection efficiencies, using either the common 
bin or the individual bin, were within 0.56 per cent, which is 
within the limit of tolerance for experimental error. Therefore, it 
should not be assumed that the common bin was necessarily 
more effective in the operation than the individual bin. How- 
ever, the results may be considered as conclusive proof that, with 
the dampers set in such a position as to obtain approximately the 
same static conditions in each cyclone, there is no decrease in 
collection efiiciency when using the common bin. 

The second series of tests was conducted with the dampers of 
the cyclones set in various positions with the express purpose of 
creating different static conditions in the different units. It must 
be pointed out that positions 8, 9, and 10, as well as 1 and 2, are 
not indicated for the highest percentage of collection possible with 
this design of cyclone. Therefore, it is to be expected that the 
collection efficiencies will be somewhat less than in a more nor- 
mal range from positions 3 to 7. The practical object in having 
available positions 8, 9, and 10 is to make it possible to pass 25 
per cent more gas through the units at position 10, and thus 
provide the capacity safety factor for temporary operating condi- 
tions which is desirable in connection with boiler-plant operation. 
In other words, without increasing the draft loss, it is thus made 
possible to reduce the number of cyclones to 80 per cent of what 
would otherwise be required. 

In Table 2, the results are the more interesting in that there 
was such a wide variance in the quantity of gas handled by each 
cyclone without any appreciable difference in the collection effi- 
ciency. This table actually indicates 0.26 per cent better collec- 
tion with a common bin, which is due to experimental error. 

It is well known that a group of cyclones in parallel can be 
thrown out of balance statically so that recirculation and reduced 
efficiency will result. From this series of tests, it can be con- 
cluded that, by use of a common bin, considerable variation in 
positioning of the inlet-control dampers, with resulting variations 
in cyclone capacity, can take place with no decrease in collec- 
tion. 

Provided the individual cyclone tested is equipped with inlet- 
control dampers, and is of the size to be used in actual practice 
and operated under identical conditions of resistance and tem- 
perature, it may be concluded that it is representative of the per- 
formance of the group in the field. 


TABLE1 TEST RESULTS ON THREE CYCLONES IN PARALLEL SERIES WITH DAMPERS SET UNIFORMLY IN POSITION 7 
Cyclone Duration Loading, Weight 
Test : resistance, of test, Total air, Weight charged, grains per collected, Efficiency 
no. Type bin in. w-g. Temp, F min cu ft oz cu ft oz per cent 
1 Common 2.0 85 20 69300 336 2.12 306.2 2 
2 Individual 2.0 79 16 54900 317 2.52 31 91.8 
3 Common 2.0 81 15 51600 311.5 2.64 281 90.2 
4 Individual 2.0 79 16 54900 316 2.52 280 88.5 
B) Common 2.0 85 20 69300 317 2.00 294.75 Ook 
6 Individual 2.0 75 101/2 35700 oul 3.88 290.5 91.7 
7 Common 2.0 did 9 30750 317.75 4.52 288.25 90.8 
8 Individual 2.0 86 14 48600 314 2.82 282.5 90.0 
9 Common 2.0 78 12 41100 316 3.36 291 92.2 
10 Individual 1.94 85 14 47700 311.5 2.85 284.25 91.3 
ll Common 2.0 77 171/4 58950 318 2.36 286.5 90.1 
12 Individual 2.0 76 27 92100 318 d.5u 289 90.9 
Avg Common 2.0 aiete 2.800 91.26 
Avg Individual 1.99 2.683 90.7 


TABLE 2 TEST RESULTS ON THREE CYCLONES IN PARALLEL SERIES WITH DAMPERS SET IN VARIOUS POSITIONS 


ae Damper poeips Cyclone Duration Loading, Weight 
x in cyclone~ __ resistance, of test, Total air Weight ch d, i : i 

i fshs! bin A B ©, in. w.g. Temp, F min cuft ” ae os a Bien pe eaay spe 

ommon 3 5 vl 1.94 79 151/2 52200 316.75 2.65 28: 9 
102 Individual 3 5 7 1.94 78 141/, 48700 313 c 2/81 379.5 39.4 
103 Common 7 5 3 1.94 83 141/, 49100 316.5 2.82 287 90.7 
aug ean 7 5 3 2.0 82 13 44800 318 3.10 284.5 89.5 

5 ommon 2 5 8 2.0 76 151/4 52000 315 2.65 276 87.7 
106 Individual 2 5 8 2.0 77 14 47900 316 2.88 274.5 87.0 
107 Common 1 5 9 2.0 81 151/4 52400 316 2.64 272 86.1 
108 Individual ii 5 9 2.0 82 141/2 49900 316 Bold 270 85 : 5 
109 Common 7 1 7 2.06 80 151/4 52300 318 2.66 276 86.8 
110 Individual 7 1 7 2.0 92 16 56200 318 2.47 282 88.7 
Avg Common = 1.988 2.684 88.28 
Avg Individual 1.988 2.806 88.02 
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Discussion 


H. H. Buspar.’ 
teresting observations on the performance of an individual cy- 
clone, tested under the conditions stated, as a fair criterion of the 
field operation of a multiple-cyclone unit. 

From these observations it is deduced that the method 
outlined is more accurate than the commonly used sampling 
method of testing, because the possibility of experimental error in 
the sampling method is necessarily considerable. These observa- 
tions are amplified by the statement that extremely accurate tests 
can be run on individual cyclones and that the extreme accuracy 
is partially due to the relatively small gas volume used. 

It is believed the accuracy of these and other conclusions made 
in the discussion, are open to question. Nothing in the paper 
justifies the conclusions drawn. In the tests as outlined, both in 
arrangement of apparatus and method of conducting the tests, 
hypothetical points are established which do not conform to 
field conditions. No proof is offered that measurement of small 
gas volumes is more accurate than measurement of large gas 
volumes. 

The error in testing is not experimental and it is not necessarily 
considerable. It is true that in a laboratory setup a given quan- 
tity of dust can be introduced into the gas stream and accurate 
data obtained. However, in field installations, the dust is al- 
ready in the gas stream and the relative quantity must be deter- 
mined. How otherwise than by the sampling method are the 
initial dust loading and gas volume to be obtained and checked 
in field installations? 

It is stated that field tests on a group of multicyclones of the 
same design have shown corresponding accuracy with observa- 
tions made on a single unit. While it is not stated how the field 
tests were made, this statement appears to be contradictory to 
the previous statement of ‘necessarily considerable” errors ex- 
perienced in testing a multiple unit in the field. 

It is stated that it is important to observe the operation of in- 
dividual or multiple cyclones under precisely similar conditions. 
The results of the laboratory tests, which do not indicate condi- 
tions at all similar to field conditions, either in setup of apparatus 
or method of testing, are then presented as conclusive proof to the 
effect that testing an individual cyclone will give the same results 
as testing a multiple-cyclone installation. 

As a further basis for the statement of conclusive results ob- 
tained, the screen analysis of the dust used is stated as being 
‘“musually” fine, as the dust was obtained from an electrostatic 
precipitator. This unusually fine dust is stated to have 72.76 
per cent through a 325-mesh screen. Recorded experience with 
dust from electrostatic precipitators on power plants would indi- 
cate this dust as being comparatively coarse, as such dust usually 
runs close to 90 per cent through a 325-mesh screen and often 
finer. 

It is stated that it is well known that a group of cyclones in 
parallel can be thrown off balance statically so that recirculation 
and reduced efficiency will result. If such is the case, then any 
test of a single cyclone unit should be considered to be inconclu- 
sive and the standard sampling method of efficiency determination 
used to establish the over-all performance of a multicyclone col- 
lector. : 

It is stated that an egg-crate guide was used in order to even 
the flow into the inlet duct immediately above the cyclones. In 
field installations of any size, we have yet to find any case of an 
approximately even flow of inlet gas to dust-collecting apparatus. 

It is stated that, although the dust was carefully mixed, it was 
felt that it might still be possible for certain portions in the bin 


5 Consulting Engineer, New York, N. Y. Mem. A.S.M.E. 
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to be coarser than others. In extracting samples from various 
parts of flue or breeching on field installations, how often does it 
occur that the dust in these various samples is of uniform screen 
analysis? 

No draft differentials are given between various points in the 
apparatus to permit a check of operating conditions or to com- 
pute gas volumes accurately. 

No dimensions are indicated whereby size of cyclones, ducts, 
common bins, etc., can be determined so as to establish velocities 
at different points in the apparatus. 

In Fig. 1 a common bin is shown which does not conform in 
cross-sectional area with bins used in field installations. Because 
of this difference it is possible that air velocities and turbulences 
in this common test bin would be much higher than in the bins 
designed for field conditions. Assuming this possibility, then the 
draft differential in the test bin would be higher than that in 
the field installation, resulting in a definite variation between the 
test and field results. 

Also, the results of tests on three cyclones set up in parallel are 
deemed conclusive proof of what would be secured with, say, 
fifteen cyclones set up in parallel. This is questionable. 

The data submitted do not justify the conclusions drawn in 
the paper, either in the substitution of tests on a single collector 
for tests on an entire installation, or in the substitution of the 
method offered in preference to the sampling method as outlined 
in the tentative code of the A.S.M.E. 


P. H. Harvie.’ The author has presented interesting data on 
the controversial subject of whether the performance of a single 
unit of a multicyclone dust separator can be accepted as repre- 
sentative of the combined units. The data obtained on the ex- 
perimental setup used would seem to prove that it can. How- 
ever, such a limited investigation should not be accepted as final 
proof. Are three cyclones in parallel representative of forty, or 
even twelve? Did the methods used to create an unbalanced 
condition produce the same type of disturbance to proper opera- 
tion as might be encountered in service? 

The failure of some installations of multicyclones to duplicate 
the performance of a single unit tested individually is thought to 
be due to poor distribution of flow at the entrance to the cyclones 
or to the disturbances set up in the outlet duct at the points where 
the escaping gases leave the cyclones. Either, or both, of these 
conditions could cause unequal pressures in the different units 
which would result in the flow of dust-laden gas from the bin 
through some of the units to the outlet duct. This condition is 
somewhat similar to that which exists when a bin is not properly 
sealed. 

The first group of tests would seem to indicate merely that, with 
these particular arrangements and dimensions of inlet duct, out- 
let duct, and bin, there is no difference in performance when op- 
erating with the common bin or with individual bins. In this 
connection it is noted that the flow in the inlet duct was straight- 
ened. The results would be more helpful if poorer rather than 
better distribution at entrance had been produced. 

The conditions imposed during the second group of tests were 
probably more severe than would be encountered in actual prac- 
tice. The results so obtained are highly informative; but does 
unequal flow through the different units, when produced by 
setting the dampers in different positions, reproduce the same 
type of unbalancing as sometimes exists when the dampers are 
in the same position? 

Even if we accept the author’s conclusion that one cyclone can 
be used to determine the performance of a large number of similar 


6 Research Engineer, Department, Technical Development and 
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ones in parallel, there would seem to be good reasons for pre- 
ferring the over-all test after installation as proposed in the 
A.S.M.E. Power Test Code for Dust-Separating Apparatus. The 
apparent advantages of the single-unit test materialize only if 
the tests can be carried out in the manufacturer’s testing labora- 
tory. This means that a large representative sample of the dust 
must be collected and shipped to the factory. The collection of 
this dust is in itself almost as much of a job as running the over-all 
test. Even if a similar steam-generating unit, equipped with an 
electrostatic precipitator, is available from which a representative 
sample of dust can easily be obtained, there still remains the prob- 
lem of reproducing the original finely divided mixture of dust and 
gas in the laboratory. 

Dust particles, especially the very fine ones, tend to stick 
together once the dust has been collected and allowed to pack. 
By very fine particles is meant those which are considerably 
smaller than 44 mu (325 mesh). It is in this range of particle 
sizes that the efficiency by size of cyclone separators plunges 
toward zero as the particle size is reduced. Above 44 mu 100 per 
cent efficiency is easily attained. To the writer’s knowledge no 
satisfactory means has been devised for separating these conglom- 
erate particles and reproducing the original finely divided mix- 
ture of suspended dust. When using an elutriator for size analy- 
sis, it takes many hours and often days of operation before all of 
these conglomerate particles are finally broken up. Therefore, the 
greater accuracy of measurement obtained when testing a single 
cyclone loses its significance when there is no certainty that the 
dust-gas mixture being used is truly representative. 


H. E. Macomper.’? The author has proposed the idea that 
the performance of a dust-collector installation in the field, con- 
sisting of a number of collecting units operating in parallel, each 
of essentially identical size and design, will duplicate the indi- 
vidual performance of any one of the units of the assembly, or of 
a similar unit outside the assembly. The data presented for the 
conditions stated in the paper bear support to the idea. 

The writer, however, looking at the problem from the viewpoint 
of the user of dust-collection equipment, wishes to bring the 
following thoughts into the picture: 


1 A shop test or a field test of an individual unit should not 
supplant a field test of the entire equipment in position, even 
though the field test may be more difficult of attainment as to a 
comparable degree of accuracy. That is, the purchaser wants to 
know the degree of performance he is receiving from the assem- 
bled apparatus in his plant, regardless of the performance similar 
equipment may have shown to be possible in the shop, or which 
might be expected following the results obtained from tests of an 
individual unit of like size and design in the field. 

2 Conditions under which dust-collection equipment is ac- 
tually required to operate in some instances may vary consider- 
ably from day to day, as well as from the conditions previously set 
up as the typical basis upon which the guarantee is computed. 

3 Further, every dust collector is affected to some extent by 
variation in the density and size distribution of the dust particles, 
volumes of gas or air to be passed, arrangement of ducting pre- 
ceding the collector, etc. 

Thus, briefly, the situation as it concerns the ability of a collec- 
tor to meet a specified value of removal efficiency seems to be 
that, generally, the lower the value of the design-point efficiency, 
the greater will be the deviation from that value if the actual 
dust sizing or consistency as found is such that it contains an 
increased or decreased fraction of fines. 

The point which the writer wishes to emphasize is that, in the 
purchase of a collector, the field test, which would probably ac- 
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company its operation before acceptance apparently assumes 
greater importance as the guaranteed-performance ability of the 


- collector to be purchased is decreased. 


4 Even so, some manufacturers may state a guarantee on 
the basis of total collection efficiency and pressure loss for a 
typical condition, without regard to possible variation in field 
conditions, and some purchasers may buy the equipment with the 
understanding that the guarantee value of total collection ef- 
ficiency will be maintained regardless of field conditions. On the 
other hand, other manufacturers definitely state any guarantee 
of total collection to be subject to adjustment according to the 
actual conditions and make-up of the gas- or air-borne dust en- 
countered in the field. 

Considering the points here outlined, it is the writer’s opinion 
that, although the performance of an individual cyclone unit 
was indicative of the performance of multicyclones, when handling 
caught dust under the stated conditions, he would not, as a 
user, be satisfied that the results so determined should be con- 
sidered as applicable to the performance of field-assembly in- 
stallations in position. 


R. F. O'Mara.’ Since the subject of this paper is one in 
which we have been interested and on which we have been 
carrying a continuing research program over the last 12 years, 
we feel that the tests as discussed represent a good beginning of 
such an investigation, but that they are quite academic and too 
sketchy to justify the broad conclusions which have been drawn. 
On the whole, however, our many tests both in the laboratory and 
in the field substantiate the broad conclusions outlined in the 
paper. 

In carrying work from the laboratory to the field or when mak- 
ing tests on an installation in the field on which to base selection 
of the final equipment, it has been our experience that the same 
size collector in physical dimensions as is to be used in the final 
installation must be tested and that, if this is done, the results 
from a single tube can be reasonably well checked with an installa- 
tion consisting of a large number of identical small tubes. The 
following results are taken from check tests on a single tube 
followed later by actual installations: 


VentTiuatine Arr From Cuinker GRINDERS 


One 9-in. tube; efficiency 93.8 per cent at 2.8 in. 
pressure drop 
efficiency 92.4 per cent at 2.9 in. pressure 
drop 


Preliminary Test. 


Installation. 18 tubes; 


AspHALT-Mrixinea PLant 


One 9-in. tube; efficiency 94.7 per cent at 2 in. 
pressure drop 
20 tubes; efficiency 94.5 per cent at 3 in. pressure drop 


Preliminary Test. 


Installation. 


PULVERIZED-COAL-FIRED BOILER 


One 9-in. tube; efficiency 85 per cent at 2 in. 
pressure drop 

One hundred and eighty 9-in. tubes; efficiency 85.6 per 

cent at 2 in. pressure drop 


Preliminary Test. 


Installation. 


CrmeEntT-KiLn Gasus 


One 9-in. tube; efficiency 86.6 per cent at 3.3-in. 
pressure drop 


Preliminary Test. 


Installation. Two hundred and eighty-eight 101/,-in. tubes; efficiency 
85.5 per cent at 4 in. pressure drop 


Gases From Fuuumr’s-Earta TREATING FURNACE 


One 6-in. tube; efficiency 92.8 per cent at 2 in. 
pressure drop 

Thirty-six 6-in. tubes; efficiency 92.5 per cent at 2 in. 

pressure drop 


Preliminary Test. 


Installation. 


8 Western Precipitation Corporation, Los Angeles, Calif. Mem. 
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In multiple operation of cyclonic separators study of the 
header design to provide good distribution both of the gases 
and the suspended solids is equally as important as the hopper 
construction. 

The discussion in the paper regarding sampling technique indi- 
cates lack of knowledge or investigation of the refinements in 
sampling technique that have been developed in other indus- 
tries, particularly the metallurgical industry, both for ferrous 
and nonferrous metals. Here, guarantees are required on re- 
covery of gold, silver, and precious metals from smelter gases and 
1 per cent more or less in efficiency may mean losses of thousands 
of dollars a year. Efficiencies are not based on particle size but 
on a basis of the percentage recovery of the actual values in the 
escaping dust. Ofttimes these values lie in the finer rather than 
in the coarser material. 

Power-plant engineers could take a leaf from the metallurgical 
engineers’ refinements in sampling techniques for gases carrying 
suspended matter in the solid or liquid state. The following 
bibliography is given on the measurement of suspended solids and 
gases: 
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J. M. DatiaVauix.2 The characteristics and limitations of 
multicyclones have never been treated comprehensively. This 
has been due in part to their relatively recent introduction in the 
field of dust collection, and perhaps also to inability to generalize 
performance in terms of tests carried out with a so-called ‘‘stand- 
ard” dust. Mathematically, the behavior of a particle in a cy- 
clone is easily determined, but anyone having even slight ex- 
perience with particulate matter knows well that its true dy- 
namical behavior depends upon other considerations than a 
knowledge of accelerating forces alone. A discussion of some 
of the factors involved in the development of an ideal «cyclone 
was presented by Lissman™ several years ago. In particular, 
Mr. Lissman discusses the design arrangements necessary to re- 
duce turbulence in the dustbin in order to assure a minimum of 
interference with other cyclones (in parallel) connected to it. This 
paper emphasizes what is actually achieved in this connection 
under operating conditions. 

The fact that a common dustbin with cyclone control dampers 
set in various positions does not materially affect the efficiency 
of dust collection (as compared with individual bins) is heartening 
to dust engineers who have heretofore possessed no definite in- 


9In charge, Environmental Sanitation Section, U. S. Public 
Health Service, Bethesda, Md. 

10‘‘An Analysis of Mechanical Methods of Dust Collection,” by 
M. A. Lissman, Chemical and Metallurgical Engineering, vol. 37, 1930, 
pp. 630-634. 


217 


formation in this connection and in fact have often questioned its 
use. More striking than this, however, is the fact that changes 
in the control damper setting in no way appreciably affect the 
collection efficiency of the cyclone. This, as the author notes, is 
an important consideration in boiler plants equipped with multi- 
cyclone collectors where air volumes handled vary greatly, but 
draft losses must not be increased. 

The writer expresses the hope that the author and others inter- 
ested in the performance of multicyclones will make available 
their knowledge of the behavior of other dusts than fly ash, and 
perhaps decide upon a uniform performance test to be used in the 
laboratory. The testing of equipment after instead of before 
installation is not only costly to all parties concerned in event its 
performance is unsatisfactory, but also confuses the prospective 
purchaser who as a rule cannot judge the merits of various designs 
tested in a score of different ways. 


AurHor’s CLOSURE 


Mr. Bubar’s observations appear to be mainly intent upon the 
necessity of dust sampling in the field in preference to testing one 
cyclone. 

It was not the intent in this research to make such comparisons, 
and it might be stated that the author is highly in favor of field 
test. It was intended in this research to give the results in a 
specific instance of testing one cyclone or testing three cyclones 
under accurate test conditions. If all of the information supple- 
mental to this simple series of observations were included, as Mr. 
Bubar feels would be of interest, the amount of data presented in 
this report would have been far beyond its intended scope, or 
the time allotted for the presentation. 

Mr. Macomber’s observations also bring out the point con- 
cerning field tests compared to single cyclone tests. As observed 
previously, this was not the intent of the report. 

The author thoroughly agrees with the point brought out by 
Mr. Macomber that an adjustment should be included in guaran- 
tees for variations in dust fineness that may be encountered in 
practice, over that assumed before the installation is installed. 
The author’s company, however, has had some difficulty in get- 
ting people to agree to such a plan, and consequently in general 
has offered lower operating guarantees than would be expected 
from their own experience, in order to cover such contingencies 
as mentioned by Mr. Macomber. 

Mr. O’Mara’s observations appear to bear out the conclusions 
of the report, and it is interesting to have such confirmation from 
another manufacturer. 

Mr. Hardie has brought out some important points which add 
considerably to the information contained in the original paper. 

He asks perfectly correctly whether it may not be possible 
that three cyclones with a common hopper operate successfully, 
whereas 40, oreven 12, may not. This is a very just observation, 
and the author cannot say from experience whether, for example, 
40, cyclones would operate the same as the 3 in this test. In com- 
mercial practice, however, the number of cyclones connected with 
one hopper is necessarily limited. In view of the results of this 
test, therefore, any group connected with the hopper may be con- 
sidered the unit. Four to nine cyclones are generally used per 
hopper. In one instance we know of twenty 2-foot cyclones per 
hopper, but this was unusual and exceptional, and is not to be 
recommended, especially as the hopper is extremely deep in such 
an instance because of the necessary angles of its sides. 

Mr. Hardie states that tests of some installations of parallel 
operated cyclones do not always duplicate the performance of 
single units tested individually. There have been frequent oc- 
casions to compare field tests with tests of a single cyclone, and 
as far as can be observed, the rule is that they show a similar 
collection, and it is rather the exception that they do not. In such 


218 


instances this may be due to duct layout, the settling of dust in 
the flues, and various other factors which sometimes make it 
difficult to approach the ideal from the standpoint of field testing, 
even with the greatest of skill being exercised. 

As Mr. Hardie points out, the variable positioning of the 
cyclone dampers in the second series of tests is a condition more 
severe than in actual practice, but questions whether or not this 
reproduces the condition of different static conditions being 
created in the flue connecting a series of cyclones. He is probably 
correct that it is not precisely comparable. However, it has been 
the custom of the author’s company to connect the inlets and 
outlets of the cyclones to large rectangular overhead ducts that 
are practically plenum chambers themselves. Many static read- 
ings have been taken at various parts of such ducts, and it has 
been found that the static condition is practically uniform 
throughout. Itis, therefore, probable that the eccentric position- 
ing of dampers in the test observations is considerably more 
severe than is ecountered in practice. 

The author agrees with Mr. Hardie that it is preferable to oper- 
ate a field test in accordance with the A.S.M.E. proposed code. 
The only advantage of utilizing a single unit test is that consider- 
able information can be obtained by a prospective user, before 
the final installation is made, by attaching such a unit directly 
to his flue. Furthermore, cases may present themselves where it 
is an impossibility to obtain a field test because of the arrange- 
ment of ducts, the settling of dust in the flues, and other factors. 
In such an instance a single unit test might be valuable. 

Testing of dust in the manufacturer’s plant necessarily requires 
dust that has been previously collected. It has been found that 
if dust from the electrostatic precipitator is used, it is generally 
somewhat finer than the dust in the gas itself, and such dust ap- 
pears to give about the same results as when a unit is hooked up 
directly to the flue. It may be that the fact that it is harder to 
collect, because of its greater fineness, is compensated for by some 
conglomeration. 
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In a series of tests run at the Stamford Gas and Electric Com- 
pany a cyclone was attached to the flue. At 2 in. draft loss and 
an average of 289 deg an over-all collection of 88.1 per cent was 
obtained with pulverized-fuel dust. Dust was then taken from 
the electrostatic precipitator at the same plant, which analyzed 
77.9 per cent through 325 mesh, and, at an average of 2.6 in. draft 
loss, 91.3 per cent was the efficiency with the same cyclone pre- 
viously used at Stamford. The draft loss was somewhat higher; 
therefore a better collection should be expected. Furthermore, 
the gas temperature was atmospheric; hence about 220 deg less 
than at Stamford, which would further increase efficiency. 

A further series of tests was then run in the research plant, 
using hot flue gas to carry the electrostatic dust. At an average 
draft loss of 2.1 in., and an average temperature of 433 deg, an 
average collection of 90.1 per cent was obtained with slightly finer 
dust, which averaged 80.01 per cent through 325 mesh. These 
tests are given primarily because they are on the same plant with 
the same dust, and might further be compared with seven hour 
tests, extending over 14 consecutive days, at the plant of the In- 
dustrial Rayon Corporation, which had 30 cyclones of the same 
design per boiler. Here the draft loss was less, namely, 1.45 in., 
the temperature averaged 345 deg, and the collection showed 88.4 
per cent. The screen analysis of the dust in the flue was especially 
fine, however, being an average of 88.6 per cent through a 325- 
mesh screen. The reason for this was that the boiler which was 
designed for 90,000 Ib of steam per hour was averaging 52,000 Ib 
per hour during these tests. 

The author believes, therefore, that although the research 
reported in the original paper is limited necessarily, the observa- 
tions elsewhere seem to bear out the conclusions with the par- 
ticular cyclone tested. 


1 “Dust Collection Tests at New Power Plant of Industrial Rayon 
Corporation,’ by C. B. McBride, Combustion, September, 1939, pp. 
36-38. 


Penstocks for the Grand Coulee Dam 


By P. J. BIER,! DENVER, COLO. 


The ultimate power development for the Grand Coulee 
Dam includes eighteen main units of 150,000 hp each and 
three station-service units of 14,000 hp. Individual pen- 
stocks of 18 ft diam were provided for the main units and of 
6 ft diam for the station-service units. The penstocks are 
of welded-plate steel construction, fabricated and X-rayed 
in accordance with the API-ASME Code. The 18-ft pen- 
stocks were fabricated in a plant erected near the dam, and 
the 6-ft penstocks were produced in the subcontractor’s 
shop. All penstocks were installed in octagonal tunnels 
provided for that purpose through the dam, and were em- 
bedded in reinforced concrete after installation. 


GENERAL DESCRIPTION 


HE penstocks for the Grand Coulee Dam on the Columbia 

Basin project, Washington, were provided for the release 

of water under pressure for the production of power. The 
total estimated flow through the penstocks, at a rated head of 
330 ft for the turbines, is approximately 82,000 sec-ft, based on 
the ultimate development of eighteen main power units and three 
station-service units. The main-unit penstocks are 18 ft in 
diam, serving turbines of 150,000 hp each, and the station-service 
penstocks are 6 ft in diam, serving turbines of 14,000 hp each, 
making a total ultimate capacity of 2,742,000 hp. The generat- 
ing equipment will be installed in two separate buildings, one 
on the east bank of the river called the right powerhouse, and one 
on the west bank of the river called the left powerhouse. The 
two powerhouses are located at the downstream toe of the dam, 
and will contain nine main power units each, the left powerhouse 
including, in addition, the three station-service units. 

All penstock intakes will be protected by trash racks arranged 
in semicircular form around the openings, and reaching up to 
within 21 ft of the crest of the dam. Hydraulically operated 
coaster gates will be installed on the face of the dam to shut off 
the flow from any of the main-unit penstock intakes until the 
turbines have been installed. The upstream ends of the main- 
unit penstocks were provided with hemispherical bulkheads to 
exclude the reservoir water from the penstocks during construc- 
tion, and until the turbines are installed. After the installation, 
the intake will be closed with the coaster gate, and dewatered 
‘through a drain valve in the bulkhead, which latter is then flame- 
cut into small pieces and removed through the manhole. 


INSTALLATION AND CoNTRACTS 


While the initial installation includes only three main units 
and two station-service units, the penstocks were installed for 
the full development. The Grand Coulee Dam is being built 
in two stages and under two separate contracts. The first con- 
tract included the foundation to an approximate elevation of 
1000, and the second contract calls for the completion of the 
dam to elevation 1311. As it was not feasible to install the pen- 
stocks under the first contract, tunnels were provided which 
permitted the installation of the penstocks at a later date. 


1 Senior Engineer, Bureau of Reclamation, United States Depart- 
ment of the Interior. Mem. A.S.M.E. 

Contributed by the Hydraulic Division and presented at the 
Fall Meeting, Spokane, Wash., Sept. 3-6, 1940, of THe AMERICAN 
Society or MecHANIcAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


These tunnels were of octagonal shape, 24 ft in size for the main- 
unit penstocks and 12 ft for the station-service penstocks. 
They were reinforced to resist the loads on the dam due to its 
dead weight and live water load, and for temperature effect. 

The tunnels were started under the first contract, and com- 
pleted to the upstream face of the dam under the second contract. 
The contract for the fabrication and installation of the penstocks, 
exclusive of the installation of the upstream sections containing 
the bulkheads, was awarded to the Western Pipe and Steel Com- 
pany of San Francisco, at a bid price of $1,456,624 which in- 
cluded twelve 14-ft-diam pump inlet pipes. This sum, however, 
did not include the cost of transporting the pipes and pipe ma- 
terials to the fabricating plant and to the dam. The estimated 
weight of all pipes furnished under the contract was approxi- 
mately 8300 tons. The contractor sublet the fabrication of the 
station-service penstocks and the preparation and rolling of the 
plates for the main-unit penstocks to the Chicago Bridge and 
Iron Company. 

The 18-ft-diam penstock, because of the impossibility of 
shipping pipe of this size, made shop fabrication impracticable, 
and it was necessary to erect a field-fabricating plant near the 
dam. Erection of this plant was started in April, 1938, and 
shop fabrication was completed in March, 1940. The installation 
of the penstocks was completed in May, 1940. 


DESIGN OF PENSTOCKS 
Main-Unit PENsTOcKS 


The penstocks are on a slope of 20'/2 deg, starting with eleva- 
tion 1041 at the upstream face of the dam and dropping down 
to elevation 938 at the turbine inlet, as shown in Figs. 1 and 2. 
The penstocks have an inside diameter of 18 ft which is reduced 
to 15 ft with a reducing bend near the turbine. The 15-ft-diam 
end section is connected to the turbine-scroll case with a double- 
acting expansion joint, as shown in Fig. 3, which will permit both 
axial and lateral displacements of the turbine in relation to the 
penstock. Axial displacements will be caused by temperature 
changes in the pipe and turbine, and lateral displacements by 
deflections of the dam and deformation of the foundation. 

The inlet transitions are 30 ft long, and were designed to reduce 
inlet losses. They were formed in the concrete, and are provided 
with 30-in. air pipes, to facilitate the escape of entrained air 
when in operation or filling, and the inflow of free air when 
draining the penstock. The air pipe will also serve as a vent 
when the penstock is empty. 

Bach penstock is 329 ft long from the face of the dam to the 
scroll case, and is embedded in the tunnel backfill except for 10 
ft around the expansion joint, where an access chamber was: 
provided for the maintenance of the joint packing. This 
chamber can be reached by a passageway from the powerhouse. 
The penstocks were designed for a maximum head of 420 ft, 
including a static head of 360 ft and a water-hammer head of 60 
ft. The head due to water hammer was computed in accordance 
with the rigid and elastic water-column theories on a basis of a 
minimum closure time of 4 sec at full gate, the turbine specifica- 
tions calling for governors adjustable to a rate of turbine-gate 
movement of from 4 to 12 sec for a full-closing stroke. 

The design of the penstocks was based on the use of firebox- 
quality steel plate, grade B, A.S.T.M. designation A-89, whick 
has a minimum yield point of 27,000 lb, a minimum tensile 
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strength of 50,000 psi, and an elongation in 2 in. of 32 per cent. 
This steel was selected because of good welding qualities due to 
a low carbon content (0.20 to 0.22 per cent), which reduces the 
tendency of air hardening and produces ductile welds. Shocks 
due to water hammer and surge waves induce impact stresses 
which may be the cause of failure, especially in penstocks with 
brittle welds. With the use of this ductile steel, and due to the 
fact that the penstocks were to be embedded in reinforced con- 
crete, thermal stress relieving of the pipe sections was not con- 
sidered necessary. Radiographic examination of the welded 
joints, on the other hand, seemed desirable because it provides 
an effective check on the quality of welding, and permits an in- 


crease in joint efficiency from 80 per cent to 90 per cent, in ac- 
cordance with the API-ASME Code for Fusion-Welded Unfired 
Pressure Vessels, which was adopted for this work. As an 
additional safeguard, a hydrostatic-pressure test was specified 
for all completed pipe sections. 

Several schemes of installation were studied, and the scheme 
adopted consisted of embedding the penstocks in the tunnel 
backfill and painting the outside of the pipe and stiffeners to 
prevent a bond between the steel and concrete, thus permitting 
the pipe to “breathe” between empty and pressure conditions. 
A design stress equal to two thirds of the yield point was used for 
the fully embedded pipe having ample concrete coverage and 
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reinforcement, and one half of the yield point for the pipe near 
the downstream toe of the dam where the concrete cover was not 
considered sufficient to aid the shell in resisting the internal pres- 
sure. The shell thickness was computed at 3/, in. at the upper 
end increasing by !/i.-in. increments to 11/1. in. at the lower end 
of the tangent, and to 11/2 in. in the bend and lower end section. 

Each penstock was provided with three percolation rings near 
the upstream end to retard the seepage of water along the out- 
side of the shell. Single stiffener rings, 13/3 in. thick * 10 in. 
high, were welded onto the shell every 10 ft to maintain the cir- 
cularity of the pipe section during fabrication, handling, and 
installation. Structural-steel supports, as shown in Fig. 4, 
were provided at every other stiffener ring, at the bottom and 
the top, the former to support the weight of the empty pipe dur- 
ing installation and the latter to protect the pipe against uplift 
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during concreting in the tunnel. Lateral struts were provided at 
the supporting points to maintain the pipe in alignment while 
concreting. The lower supports were pinned at top and bottom 
to permit temperature movements in the line during erection. 
The reducing bend was designed with a long radius and small 
deflection angles to reduce turbulence and head losses. A 24- 
in-diam by-pass pipe was connected to the upstream end of each 
penstock to provide means for filling the penstock, and to make 
it possible to operate the coaster gates under balanced pressure. 
The by-pass lines take water from the reservoir through a grated 
inlet and are controlled with double valves located in valve 
chambers near the 1050-ft gallery. The penstock is made 
accessible with a 20-in-diam manhole, placed on top of the pipe 
near the upstream end, which can be reached through a shaft 
from the gallery. Each penstock can be drained through an 
18-in. drain at the downstream end of the pipe. The manhole 
and by-pass openings were reinforced to compensate for the loss 
in metal cut from the shell. The reinforcement consists of a 
plate ring welded to the shell, the nozzle being made from a pipe 
nipple and welding-neck flange. The manhole opening was 
streamlined with a plug welded from light-gage steel provided 
with drain holes to prevent unbalanced pressures. As the man- 
hole is located in an open shaft, the pipe shell around the con- 
crete will be subjected to secondary bending stresses; therefore, 
it was increased in thickness by inserting a 15/s-in. plate for the 
length of the course and for one sixth of the circumference. 
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The bulkheads placed in the upstream sections are hemispheri- 
cal, and were welded from spherically formed plates and a 
central closing plate, as shown in Fig. 5. Special flanges were 
welded to the bulkhead shells for attachment to the upstream- 
pipe sections. These flanges were designed to resist the bending 
stresses due to the deformation of the shell when under pressure. 
The pipe shell opposite the flanges was stiffened with a number 
of ribs placed radially along the outside diameter. The hemi- 
spherical shape was selected as being the most efficient from the 
standpoint of stress, also because ellipsoidal heads for this 
diameter were not available, and could not be transported in one 
piece. The bulkheads were designed for a static head of 270 
ft, requiring a 1/.-in. shell, which was increased to 5/s in. to allow 
for corrosion and to provide additional safety in view of the 
importance of this water stop. 

Two sets of piezometric orifices of four each, located 100 ft 
apart, were provided for the purpose of performing flow and 
pressure tests. The stainless-steel orifices were placed at 
quarter points of the shell. Individual lines of 3/,-in. extra-heavy 
steel pipe were run from each orifice to the terminal box in the 
powerhouse, with one static-pressure line from the reservoir 
to the terminal. Grout holes consisting of 1-in. pipe taps, were 
provided in the penstocks, for the purpose of back-grouting and 
consolidating the concrete backfill. They were placed on the 
inside of the pipe at horizontal and vertical centers, on each 
side of the stiffeners and percolation rings. 


Sration-SERvICE PEnstocKks 


The station-service penstocks are similar in design to the 
main-unit penstocks. The intake is located at elevation 1041, 
and the penstocks slope toward the turbines on an angle of about 
20 deg, as shown in Fig. 1. Each turbine will be protected with 
a ring-seal gate. Penstock No. 83, which is to serve the future 
turbine, is provided with a welded bulkhead at the downstream 
end. A bulkhead gate will be used on the upstream face to close 
any of the three intakes when the turbines and ring-seal gates 
are installed. The three intakes were closed with temporary 
timber bulkheads before the reservoir level reached the intake 
elevation during construction. Between the lower ends of the 
penstocks and the ring-seal gates, double-acting expansion joints 
are installed, for similar reasons as for the main-unit penstocks. 

The penstocks have a uniform diameter of 6 ft and are 332 ft 
long, from the face of the dam to the ring-seal gate. They were 
designed for a total head, including water hammer, of 400 ft, 
which resulted in plate thicknesses of 3/, in. in the tunnel and 9/16 
in, at the downstream end near the toe of the dam. The pen- 
stocks were fabricated in the subcontractor’s Birmingham plant, 
in 20- and 40-ft lengths, ready for installation in the tunnels 
Each penstock was provided with a manhole-and-drain connec- 
tion, also with piezometer orifices, grout holes, percolation rings, 
stiffeners, and supports, similar to the 18-ft-diam penstocks. 


FABRICATION OF MAIN-UNIT PENSTOCKS 
Frevp-Fasricatina PLant 


The field-fabricating plant was located near the construction 
railroad in a settlement called Electric City, located about 31/2 
miles from the dam. The plant consisted of a storage yard for 
incoming pipe materials, a welding shop, and a yard for testing, 
painting, and the storage of completed pipe sections. The 
welding shop was of frame and corrugated-steel construction, 
70 ft wide, 260 ft long, and 45 ft high under the roof trusses. 
Adjoining the shop building on one side was an annex containing 
transformers and shop equipment, also offices for the shop super- 
intendent and the government inspectors; on the other side of 
the building was an office for the X-ray technicians, and a de- 


BIER—PENSTOCKS FOR THE GRAND COULEE DAM 223 


Fic. 7 Porrasyp X-Ray Apparatus USED IN FABRICATING PLANT 


veloping room for the X-ray films. The entire plant, including 
yards and shop, was served by a 35-ton gantry crane having a 
span of 66 ft 6 in. and a runway of about 1100 ft. 


Suop EQUIPMENT 


The shop equipment consisted of four setting-up bases for the 
fitting and welding of the 18-ft pipe shell and stiffeners. Each 
base consisted of a series of concrete piers arranged in a circle and 
provided either with level steel platforms or with steel brackets 
or telescoping pipes on each pier, depending upon the fitting 
work to be done. A bulldozer, supported on a structural-steel 
traveler, was used to hold the two halves of the pipe or the pipe 
and stiffener together when tack-welding preparatory to the final 
welding. A motor-driven trolley and a roller base were installed 
for the movement and rolling of the pipe, during the welding of 
the longitudinal and circumferential joints, respectively. For 
the automatic-welding work, a welding machine was used which 
was supported from a_ structural-steel tower. A specially 
built testing machine, as shown in Fig. 6, was provided for the 
hydrostatic-pressure tests. The X-ray apparatus used is shown 
in Fig. 7; it was of portable construction with a capacity of 200 
kv at 8 ma. A number of adjustable, rounding-out spiders, 
made of round bars with a central plate, were used for the pipe 
sections during construction and until the stiffeners were welded 
on. The auxiliary equipment in the shop annex included an air 


compressor and receiver, a lathe, planer, milling machine, drill 
press, and a Riehle testing machine. 


SHop PROCEDURE 


The 18-ft penstocks were fabricated in sections or erection 
lengths of 20 ft, weighing up to 28 tons each, except the up- 
stream-end sections containing the hemispherical bulkheads, 
which were produced in 23-ft lengths, weighing about 37 tons 
each. The pipes were made from two 120-in-wide plates which 
were beveled for welding, and rolled in the subcontractor’s Chicago 
shop, then shipped to the field-fabricating plant for completion. 
The fabrication procedure for a 20-ft pipe section was as follows: 


1 Two rolled plates were set up and aligned on one of the 
fitting bases and tack-welded into a cylinder. 

2 A rounding-out spider was inserted into the 10-ft tack- 
welded pipe course, which then was taken to the trolley under the 
automatic welding machine, and welded along the longitudinal 
seam. 

3 The stiffener rings, having been flame-cut in six segments 
from 1%/s-in. plates and assembled on a special platform, were 
fitted to the 10-ft pipe course. Intermittent fillet welds, 6 in. 
long and 12 in. on centers, alternated on both sides, were used 
between the pipe and the stiffener ring. 

4 Two 10-ft pipe courses were tack-welded together, then 
placed on the roller base, and completely welded on the auto- 
matic machine. 

5 The welded seams were radiographed in 16-in. sections, 
marked along the joint. If no welding defects were disclosed in 
the films, the pipe section was ready for the pressure test. 

6 The pipe section, after passing the visual inspection and 
X-ray examination, was placed in the testing machine, and 
subjected to a hydrostatic-pressure test of about 150 per cent of 
the design pressure, stressing the shell to approximately 21,000 
psi. The test pressure was applied and relieved three successive 
times, and held a sufficient length of time to permit a thorough 
inspection of all joints for signs of leakage or failure. This pres- 
sure test proved its value as cracks from 4 to 91/ in. long were 
discovered in five pipe sections, which apparently eluded detec- 
tion by X-raying. Four of the cracks were near the junction of 
the longitudinal and girth seams where stress concentrations due 
to welding are more prevalent. 

7 After the pressure test, the pipe section, with the exception 
of areas within 10 in. of the joints to be welded, was cleaned on 
the outside of all rust, dirt, grease, and loose scale, and painted 
with two coats of coal-tar paint applied cold. After the paint 
was dry, the section was ready for transport to the dam, and 
erection in the tunnels. 


WELDING PROCESS 


The contractor used the single-pass process of welding for all 
machine welds in the pipe shell, for plate thicknesses up to and 
including 11/,. in.; for all heavier plates, manual welding was 
used. Single-V welding grooves were used for the automatic 
welds, and double-V grooves for the manual welds. In the auto- 
matic welding process, the joint was welded in one pass on the 
outside of the shell, the welding head remaining stationary while 
the pipe was moved along the trolley for the longitudinal seam or 
rotated on the roller base for the circumferential seam. During 
welding, a water-cooled grooved copper backing-up bar was 
pressed against the underside of the shell opposite the welding 
head by means of a bracket attached to a pipe post. The flux 
was deposited ahead of the welding operation and a coiled, bare 
electrode was fed in automatically, the welding speed and 
electric current having been regulated to suit the plate thick- 
ness. The lower layer of the flux covering the joint was fused 
into solid slag which protected the deposited weld metal against 
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the atmosphere, and effected some annealing of the weld. Pre- 
paratory to making a longitudinal-seam weld, small plates of the 
same thickness as the shell were welded to both ends of the pipe 
course to form extensions of the welding seam. The starting 
plate, about 6 in. square, was in one piece and the finishing plate 
in two pieces, each 41/, in. wide X 71/2 in. long, both beveled 
for welding and tacked together at the bottom of the groove. 
By this means, the tendency to crack, especially at the finishing 
ends of the longitudinal joints, was practically eliminated. After 
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welding, the extension plates were removed by flame-cutting, 
and the welding edges restored by grinding. The undersides of 
the single-pass welds were chipped to sound metal, and back- 
welded by hand, producing a double-welded butt joint as required 
in the specifications. 

Before the automatic- and manual-welding processes were 
authorized, the contractor was required to furnish proof of their 
adequacy. Accordingly, two °/,in. plates and two 11/,,-in. 
plates were welded up by the contractor with the single-pass 
process, and two 11/2-in. plates with the manual process. Test 
specimens machined from the 3/s-in. and 11/,¢-in. plates showed, 
for the weld metal, yield points and tensile strengths well in 
excess of the plate values, although the elongations, at 30 per 
cent, were somewhat lower. Similar results were obtained with 
test specimens machined from the 11/,-in. manually welded 
plates, which indicated average elongations of 28 per cent and 
strength values also well in excess of the parent plate. 

The hemispherical bulkheads were pressure-tested by welding 
two bulkheads into a closed vessel, which was facilitated by the 
fact that the bulkhead flanges were rolled in pairs requiring only 
the welding of a head to each end of the double flange. A hydro- 
static pressure of 240 psi, or about double the design pressure, 
was applied and relieved three successive times similar to the 
pipe tests. After testing, the two flanges were separated by 
flame-cutting, as shown in Fig. 8, and the bulkheads were 
welded into the upstream pipe sections of each 18-ft penstock, 
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using a heavy butt weld between the end of the pipe and the 
underside of the flange. 


QUALIFICATION OF WELDERS AND WELD INSPECTION 


All welders engaged on manual welding were tested and 
qualified in accordance with the API-ASME Code. The con- 
trator was required to furnish welded test plates both for the 
qualification of welders and for routine tests on production weld- 
ing by the manual and automatic processes. For plates from 
5/4 in. to 11/;¢ in., inclusive, one test plate was furnished for each 
200 ft of welded seam, and for the 11/»-in. plates, one test plate for 
each 100 ft of welded seam. The test specimens were machined 
and tested by the contractor, under the supervision of govern- 
ment inspectors. The tests included reduced-section-tension, 
free-bend, reverse-bend, and nick-break tests, and in some cases 
also all-weld-metal tension tests. 

All shop and field fabrication and welding work was performed 
in the presence of government inspectors stationed at the plant, 
and all completed pipe sections were inspected and approved by 
the inspectors before being released for installation in the tunnels. 
The radiographic work was done by the contractor, using cel- 
lulose-acetate films of the slow-burning type, 41/2 in. wide X 17 
in. long, with an effective length of 16 in., requiring 43 exposures 
for each girth joint. The exposure time was 20 sec for the 
’/,-in. plate, and 13/, min for the 11/,-in. plate, requiring cur- 
rents of 140 kv at 5 ma, and 175 kv at 7 ma, respectively. The 
developed films were examined by the contractor’s X-ray tech- 
nician and the government’s chief welding inspector, for defects 
such as slag inclusions, cracks, porosity, or unfused areas. De- 
fective sections of welds were traced on narrow strips of paper, 
located on the seam, and marked with yellow crayon for chipping. 
The chipped areas were rewelded, and reradiographed to prove 
the quality of the repair welding. 


INSTALLATION oF PEnstrocks 


The specifications for the construction of the dam provided 
that the upstream sections of the penstocks be installed first to 
form a water stop for protection during the installation of the 
lower sections. Therefore, the upstream sections were installed 
and embedded by the dam contractor during concreting of the 
dam. Fig. 9 shows several of these with their hemispherical 
bulkheads welded in place preparatory to embedment in the 
dam. 

The pipe sections for the right or east-side powerhouse were 
transported from the fabricating plant by the construction rail- 
road, as shown in Fig. 10, to the government warehouse where 
they were unloaded onto a special 60-ton, 20-wheel trailer drawn 
by a truck in front, and on the downgrades braked by a truck in 
the rear. They were then hauled to a point on the riverbank 
where the trailer was run onto a barge, which was moved across 
the tail bay to the base of the powerhouse by a winch on the 
barge. The pipe was transferred from the barge to a tunnel 
trolley by a barge derrick, as shown in Fig. 11. In the tunnel, 
the pipe section and the trolley were pulled into place on a 6-ft 
gage track by an electric hoist placed at the downstream end of 
each tunnel. The trolley was equipped with jacks and rollers 
with which the section was aligned, centered, and set to grade 
from the bench marks previously established by government 
field parties. Before the tunnel trolley was withdrawn, the pipe 
section was placed on structural-steel supports which were hinged 
at their connections with the pipe and with base plates. The 
bases were shimmed to the proper elevation, and anchored against 
lateral movement, after which sufficient tack-welding was com- 
pleted. 

The pipe sections for the left or west-side powerhouse were 
transported by the construction railroad directly into the power- 
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Dam 


Hoisting Matn-Unir Penstock Section From TRaANs- 
porT BARGE BY BaArGr DERRICK 


Fre. 12 Wewprine or Erecrion Joints ror 18-F1-D1am PENSTOCKS 
IN TUNNEL 


Fig. 18 X-Rayine TUNNEL WELDS IN 18-Fr-D1amM PENSTOCKS 


house itself, where they were lifted off the railroad cars by an 
electric overhead traveling crane which moved them to their 
respective tunnel trolleys, at which point they were routed in the 
same manner as the sections in the east powerhouse. 

All tunnel joints were double-V butt welds, no butt straps 
being used at any seams. For the welding work on the inside of 
the pipe a portable steel scaffold as shown in Fig. 12 was used. 
With the exception of the final bead, each was cleaned and 
peened, the average peening time being 1 hr per bead around the 
circumference. 

All the tunnel welds were radiographed in a manner similar 
to the shop welds, using a portable X-ray machine mounted on 
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a rubber-tired trolley, as shown in Fig. 13. Generally speaking, 
all welding in each tunnel was completed before moving an X-ray 
machine into it. However, as the work approached completion, 
X-ray equipment and welding equipment were used in the same 
tunnel, particular care being taken to protect the workmen from 
scattered radiation. In all, 51,000 ft of welding were X-rayed, 
including the shop welds; and a total of 60,000 ft of X-ray film 
was used. There were approximately 300,000 Ib of electrodes 
used. 

After the completion of welding and X-raying, the paint coat- 
ing on the outside of the pipe was repaired, the top and side 
supports were welded to the stiffeners, the piezometer piping was 
installed, and the reinforcing steel placed before the concrete 
backfill was started. After the backfill was placed, it was 
pressure-grouted from the inside of the pipe, using tapped grout 
holes for the purpose. Additional grout holes along the pen- 
stock were drilled as required. The penstocks were painted on 
the inside with two coats of coal-tar paint, applied cold, which 
completed the installation. 

The station-service penstocks were installed first, followed by 
the main-unit penstocks for the right powerhouse, and then 
the left powerhouse units were installed. Installation started 
May 22, 1939, and exactly one year later, on May 22, 1940, all in- 
stallation had been completed, six months ahead of the scheduled 
completion date. 


ORGANIZATION 


The penstocks were designed under the direction of the author. 
All penstock designs are made under the general direction of 
W. C. Beatty, mechanical engineer, and L. N. McClellan, chief 
electrical engineer. All engineering designs are under the gen- 
eral direction of J. L. Savage, chief designing engineer, and all 
engineering and construction work is under the general direction 
of S. O. Harper, chief engineer, Denver, Colo. All activities 
of the Bureau are under the general charge of John C. Page, 
commissioner, Washington, D. C. 


Discussion 


C. L. Barxmr.? This paper presents in an interesting manner 
the design, manufacture, and installation of the huge pipes which 
will carry the flow of the Columbia through the Grand Coulee 
Dam. 

Hydraulic model tests were made of the entrance but no tests 
were made on models of the penstocks. It might have been wise 
to make tests of the linning surface of the penstocks, and perhaps 
of the bends and the expansion joints. If the head loss through 
the penstock could have been reduced 1 ft, the power saved would 
have been 9000 hp. Tests of this type would also have been of 
value in comparing model results with the prototype. Piezome- 
ter connections were made in the penstock to measure head loss. 
This makes it possible to build a model and compare the results 
between model and prototype. Too frequently, tests of this type 
are not made. 

The radiographic method of material examination is interesting 
and important. For many years, the only tests which could be 
applied to materials were tests of strength. These were applied 
to specimens and destroyed the material. The hardness test was 
one of the first tests of material which did not destroy; the radio- 
graphic examination is the second method. Its use in industry 
has spread rapidly in the last 3 years. 

The five failures which developed in the course of the hydro- 
static tests are important. The author states that after the five 
failures had occurred, due to the hydrostatic tests, those portions 


? Assistant Professor of Hydraulic Engineering, State College of 
Washington, Pullman, Wash, 
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of film covering the failed sections were re-examined to see if the 
difficulty lay in studying the film or in the method. In every 
case the film showed no sign of crack or failure. It is rather safe 
to presume in every case that these failures, since they failed to 
show in the film, must have been hairline cracks, the plane of 
which was in line with the X-ray beam. 

Messrs. Townsend and Abbott, of the Bell Laboratories, have 
reported studies on hairline cracks. This type of crack is com- 
mon in castings as well as in welding plates. Their report states: 
“Tt was found that the limiting cross-sectional area of a crack 
that could be distinguished in 14/,-in. steel plate (the thickness 
most frequently encountered in telephone work) under the best 
radiographic conditions was 0.000035 sq in., representing a crack 
having a depth of 0.007 in. and a width of 0.005 in. Because of 
the importance of the orientation of these very fine shrinkage 
cracks, upon their detection by X-ray methods, it is sometimes 
desirable and often imperative to take two or more radiographs at 
different angles, in order that the defects presenting too small a 
difference in thickness for detection in one of them may be de- 
tected in the other, where the path of the radiation through the 
defect may have happened to coincide more nearly with its longi- 
tudinal axis.” 

This method, which by the way has been used in Germany, 
suggests the necessity for a slightly different method of radio- 
graphic examination which would eliminate the difficulty re- 
ferred to. It should be possible to build an X-ray machine, using 
two tubes so spaced that the radiation paths would cross through 
the weld or section to be examined, at an angle. The radiation 
would be received on a film, perhaps slightly wider than the pres- 
ent film, but in the same manner. This would give a stereo- 
scopic effect and make possible determination of the location of 
the defect in the weld or casting. It would also eliminate the 
possibility of failing to record the hairline cracks due to acciden- 
tal alignment with the radiation path. 


AvTHOR’s CLOSURE 


The discussion presented by Mr. Barker is of timely interest 
as it touches upon such important features as model tests as an 
aid to a more efficient design and the use of the proper X-ray 
technique as a nondestructive test of the welding procedure. 

While extensive hydraulic model experiments were necessary 
for the Boulder penstocks because of the complexity of the system, 
they were not considered of any particular value in the design of 
the Grand Coulee penstocks, as the latter consist only of straight 
runs of pipe without branch outlets or complicated fittings. The 
reducing bends at the lower ends of the penstocks were the only 
feature where head losses could be reduced by improved design. 
These bends were designed with small deflection angles producing 
a fairly smooth interior, using an R/D ratio of 51/2 which, on 
the basis of numerous bend loss experiments, is considered to be 
about the most favorable ratio, resulting in the lowest hydraulic 
loss. A model experiment for this specific installation could not 
have furnished any additional information unless it were per- 
formed at a much higher Reynolds number than that used for 
all bend experiments made to date. Considering the diversity 
of results between Thoma’s experiments at a Reynolds num- 
ber of 225,000 and Gregorig’s experiments at a Reynolds number 
of 750,000, the conclusion may be drawn that bend loss values ob- 
tained with small-scale equipment at such low Reynolds’ numbers 
are not representative of bend losses for large installations having 
Reynolds’ numbers correspondingly higher. 

The estimated friction loss through the penstock for a flow of 
4500 cfs, at the rated head of 330 ft, is only 1.1 ft. This cannot 

3 “Some Applications of X Rays to Industrial Problems,” by J. R. 


Townsend and L. E. Abbott, Metal Progress, vol. 29, Feb., 1936, pp. 
64-70 and 86. 
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be reduced unless the velocity is reduced by increasing the 
diameter which, however, has been determined from an economic 


study evaluating hydraulic losses and the cost of construction. 


The head loss in the bend, according to Thoma’s experiments, is 
estimated at 0.3ft. This, added to the friction loss in the pipe, 
would bring the total hydraulic loss to 1.4 ft, which is equivalent 
to 665 hp per unit. Any economies in head which may be pos- 


_ sible by a different design of the bend would be so small as not to 


effect a worth-while saving. 

It is well realized that the cracks which were discovered during 
the hydrostatic-pressure tests could have been detected by a 
double X-ray exposure from two different angles. Such pro- 
cedure, however, would have greatly increased the already high 
cost of radiographic inspection on this job. In order to get the 
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full benefit of this method of inspection, it would be necessary to 
use two exposures for every foot of weld, which would nearly 
double the cost. By checking the pipe sections with an excess 
pressure test at two thirds of the yield point of the metal, any de~ 
ficiencies in X-ray examination were detectable, as proved by the 
cracks discovered during the tests. It may be of interest to 
mention here that this double-exposure examination was used on 
some of the repair welds for both the Boulder and Grand Coulee 
penstocks. The method was useful in such cases to prove the 
quality of the repair welds, also to disclose the depth of the de- 
fect below the surface. This made it possible to determine 
from which side the defect should be chipped out, reducing 
thereby the amount of chipping and rewelding necessary in the 
repair work. 
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1 Grnerat ARRANGEMENT OF GRAND CouLne Dam, Power PLANT, AND Pumpina UNIT 


Turbines for Grand Coulee Dam 


The Grand Coulee power plant, when fully equipped, 
will be the largest hydroelectric power plant in existence, 
containing eighteen 150,000-hp main generating units 
and three 14,000-hp station-service units, or a total 
capacity of 2,742,000 hp. The turbines are of the vertical- 
shaft single-runner Francis type with spiral casing, sup- 
plied with water through individual plate-steel penstocks 
connecting with the upstream face of the Grand Coulee 
Dam. This paper describes in some detail the mechanical 


features of the main hydraulic turbines for this plant. 


HE Grand Coulee power plant_is locatedat the downstream 
toe of the Grand Coulee Dam ,on the Columbia River, 


about 94 miles north and west of Spokane, in the State of 
- Washington. “Tt consists of two powerhouses, one at each end 
of the dam, and is designed for the ultimate installation of 
eighteen 150,000-hp main generating units and three 14,000-hp 
station-service units. 

Nine 150,000-hp turbines, driving 60-cycle main-unit gener- 
ators of 108,000 kva each, will be installed in each powerhouse 
and, in addition, space is provided in the left or west powerhouse 
for three 14,000-hp turbines, driving 60-cycle service generators 
of 12,500 kva each, and for a control bay. The initial develop- 
ment includes the completion of the left powerhouse and the in- 
stallation of three 150,000-hp main units, two 14,000-hp service, 
units, and common station facilities. 

The general arrangement of the project is shown in Fig. 1. 


1 Bngineer, Bureau of Reclamation, United States Department of 
the Interior. % j 
Contributed by the Hydraulic 
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By JAMES J. BURNARD,! DENVER, COLO. 


Water is supplied to the turbines through a concrete and steel 
trash-rack structure at the upstream face of the dam. An indi- 
vidual 18-ft-diam welded-steel penstock with an 18-ft to 15-ft 
reducing bend at the turbine connection is provided for each 
main generating unit. A coaster gate, mounted at the upper end 
of each penstock and operated by a vertical oil-actuated hy- 
draulic hoist, controls the water to the penstock and turbine. 
Each station-service unit is supplied by an individual 6-ft-diam 
welded-steel penstock with a shutoff gate of the ring-seal design 
at the inlet to the scroll case. The inlets to all penstocks are at 
elevation 1041, and the center lines of the turbine distributors are 
at elevation 938.? 


Hypravutic ConDiTions 


( The Columbia Basin project, when fully developed, will re- 
claim 1,200,000 acres of land, regulate the flow of the Columbia 
| River, and develop electrical energy to be used for pumping for 
\ irrigation and for industrial purposes. Waters of the upper Co- 
lumbia River are impounded, from a drainage area of 74,100 sq 
| miles into a reservoir 151 miles long, having a total capacity of 
| approximately 10,000,000 acre-ft. The upper 80 ft of the res- 
lervoir, containing approximately 5,000,000 acre-ft, are avail- 
| able for power production and for the regulation of the river flow 
| for the improvement of navigation and "benefit of future power 
| developments downstream from the dam. 
The power generated from six of the proposed eighteen 150,000- 
hp units will be used during the high-water season to pump water 
into a balancing reservoir in. the Grand Coulee where, by, means 


} of a system of canals and laterals, it will be distributed fot irriga- 


| tion purposes. High-water periods occureat such times that 
secondary power will take care of pumping needs. ‘Therefore, © 
all primary and some secondary power will be available for power 


2 ‘‘Penstocks for the Grand Coulee Dam,” by P. J: Bier, pub- 
lished on page 219 of this issue of the TRANSACTIONS. 
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920,000 kw of which 800,000 kw will be used for the generation of 
firm continuous power, and the balance for secondary power for 
pumping for irrigation and for stand-by service. Load conditions 
for this power require the installation of sufficient units to bring 
the ultimate turbine installation to 2,700,000 hp. 

The turbines selected for the Grand Coulee power plant are of 
the vertical-shaft single-runner Francis type with spiral casing. 
The three initial 150,000-hp turbines operate at a speed of 120 
rpm and, with respect to horsepower capacity, are the largest 
hydraulic prime movers in existence. As shown in Fig. 3, they are 
designed for a maximum efficiency of about 93 per cent at a power 
output of 125,000 hp under the designed head of 330 ft. A model 
of the turbine is shown in Fig. 4. This model is homologous 
with the prototype (except for being of left-hand rotation to 
suit the manufacturer’s laboratory). The homologous parts in- 
clude the runner, casing, wicket gates, and draft tube. The 
runner diameter is 18.9 in. as compared with 197 in. for the 
prototype. Tests on the model were made under heads varying 
from 25 to 50 ft. 

The arrangement and setting of the 150,000-hp turbine is shown 
in Fig. 5. A cast-steel spiral casing, cast integral with the speed 
ring, is embedded in the concrete substructure of the power- 
house, with the center line of the distributor at elevation 938. 
A plate-steel pit liner, to which the servomotors are bolted, lines 
the turbine pit and extends from the top of the casing to elevation 
951. The upper and lower covers of the turbine are bolted to the 
speed ring, and contain the stationary wearing rings and plates 
and the bearings for the wicket gates which control the water to 
the runner. The upper cover also supports the single main 
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bearing, stuffing box, and gate-shifting ring. The runner, of cast 
steel, is attached to the main shaft by means of a bolted, flanged 
connection. The draft-tube liner is bolted to the lower cover and 
extends to a point 22 ft below the center line of the turbine dis- 
tributor. 


Hypravtic DEsIGn 


The velocity of the water entering the spiral casing is 29 fps, 
or approximately 20 per cent of the spouting velocity under the 
designed head, Fig. 6. This velocity remains approximately con- 
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stant throughout the length of the casing, as the cross-sectional 
area of the casing is decreased proportionately to the increment 
of flow into the speed ring. The speed ring forming the throat 
of the spiral casing is spanned by fourteen fixed vanes, so de- 
signed as properly to direct the water to twenty-four movable 
wicket-type vanes or gates. The water, after passing through 
these wicket gates, enters the runner with a velocity of approxi- 
mately 53 per cent of the spouting velocity under the designed 
head. The runner has nineteen vanes the curved surfaces of 
which, by changing the direction of the water, convert the energy 
of the water into power and produce a final discharge velocity 
at the throat of the draft tube of approximately 29 fps. The 
discharge of water from this point to the tailrace is through a 
flattened elbow type of draft tube where the decrease in velocity 
is such as to produce a residual velocity at the end of the draft 
tube of 6.8 fps. This residual velocity represents a final rejection 
0.2 per cent of the total available energy. 

Leakage of water between the crown of the runner and the 
turbine cover plate, and around the lower shroud of the runner, 
is minimized through the use of two plate-steel wearing rings 
which act as seals, Fig. 5. Means are provided, should the unit 
be operated as a synchronous condenser with the turbine gates 
closed and the water depressed below the runner, to supply the 
runner-seal chambers with penstock water. The essential use 
of this water is to act as a cooling medium to prevent heating and 
consequent expansion and possible seizing of the runner wearing 
rings to the stationary wearing rings located in the upper and 
lower covers of the turbine. 

Hydraulic losses in the seal chambers are materially reduced 
by the elimination of all projections and pockets. A plate-steel 
baffle is provided on the upper cover just above the runner to 
direct any leakage water through the seal clearances to cored holes 
in the runner hub. 

Jif future operation of the units as synchronous condensers is 
found desirable, provision has been made for the installation of 
float-operated air valves which will admit compressed air below 
the runner. The level of the water in the draft tube will be de- 
pressed to a point about 3 ft below the bottom of the runner, and 
thus materially decrease the power required to drive the runner, 

Provision has been made for the admission of atmospheric air 

to the turbine cover plate under conditions of small gate openings 
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to act as a draft-tube vacuum breaker and to remove water from 
the runner. This is accomplished by means of a poppet-type 
valve, automatically operated from the gate-shifting ring. An 
8-in. pipe line connects the valve with the downstream face of 
the powerhouse so as to prevent the objectionable noise from an 
air inlet inside the turbine pit. 

The penstock and scroll case are initially filled by means of a 
24-in. by-pass, located at the upstream end of the penstock. 
The entrained air is discharged through a 30-in. pipe, embedded 
in the concrete, terminating at elevation 1302 at the downstream 
face of the dam. 


MercHANICAL DEsIGn 


The physical dimensions of the spiral casings for the Grand 
Coulee turbines are the largest ever attempted for cast-steel con- 
struction. In order to transport a casing of this size from the 
manufacturer’s shop to the project, it was necessary to section- 
alize it into fourteen parts with radial flanged bolted joints. The 
average section is 15 ft 6in. X 14 ft 6 in. X 7 ft 6 in. and weighs 
approximately 41,000 lb. The total weight of the castings for the 
14 casing sections of the turbine is 582,000 lb. The heaviest sec- 
tion weighs 59,000 lb. Most of the casing sections, the runner, 
and many other parts, will have to be shipped on special cars. 
A view of the casing assembled at the contractor’s plant is given 
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in Fig. 7. A view of one of the sections being transported is shown 
in Fig. 8. 

Owing to the large number of bolted sections, the support 
and anchorage of the casing, while filled with water under 
pressure during erection and embedding in concrete, presented 
a very interesting problem. After much study of various meth- 
ods, it was finally agreed that the support by means of screw 
jacks bearing against steps cast on the flanges of the various sec- 
tions would prove the most suitable. Turnbuckle rods, attached 
at one end to ears welded on the flanges and at the other end to 
loop bars embedded in the surrounding concrete, are prestressed 
to 12,000 psi to prevent any possible movement of the casing 
during the pouring operation. This method of support and 
anchorage is shown in Fig. 9. 

All of the essential parts of the turbines are made of cast steel 
with an allowable design stress not to exceed 10,000 psi under 
normal operating conditions. Under emergency conditions, 
stresses up to one third the yield point of the material were 
allowed. The flanges of the scroll case, however, are an exception, 
having an allowable bending stress of 15,000 psi. It was found 
that, if the bending stresses were kept below the 10,000 psi, 
required by the specifications, the flange thicknesses would be so 
great that unsound castings would probably result. 


TURBINE RUNNER 


The turbine runner is of the Francis type of cast steel made in 
one piece and is 197 in. diam. It has sufficient strength to sup- 
port its own weight plus the weight of the turbine shaft, up 
to the connection with the generator shaft, with the runner 
resting on a finished ledge in the lower cover or foundation ring. 
It is designed and constructed to withstand safely the stresses 
resulting from operation at a runaway speed of 220 rpm under 
conditions of maximum head, with the turbine gates wide open 
and with no load on the generators. 

The runner is provided with two steel wearing rings, one on the 
lower shroud and one on the crown. The wearing rings are 
shrunk on and machined on the outside diameter for a close 
running fit with stationary wearing rings in the top and bottom 
covers. Cored passages in the hub reduce the downward thrust 
of the water on the top of the runner, and the water passages are 
Gnished to a smooth surface to minimize friction and cavitation. 
A cast-steel runner tip with a removable cast-steel cap will allow 
inspection of the runner and shaft connection. The finished 
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runner, complete with wearing rings attached, is to be statically 
balanced in the contractor’s shop before shipment to the project. 
The runner casting being transported to the manufacturer’s shop 
is shown in Fig. 10. 


SHarr ror THE Main TURBINE 


The turbine shaft is made in two sections of forged heat-treated 
open-hearth carbon steel with coupling flanges forged integrally 
with the shaft. The material of the shaft has an ultimate strength 
of 70,000 psi and a yield point of 35,000 psi and, under normal 
operating conditions, is stressed to not more than 4700 psi. It 
is capable of operating at any speed up toa full runaway speed 
of 220 rpm without vibration or objectionable distortion. It is 44 
in. in diam at the coupling end and extends 43 ft above the center 
line of the turbine distributor, where it connects to the generator 
shaft. The flanges at the ends of the shaft form a male and female 
bolted coupling with body-bound forced-fit coupling bolts. Axial 
holes are provided in the bolts to permit the use of a cooling me- 
dium for shrinking them for assembly and disassembly. A bolt 
cover made in halves encloses the nuts on each side of the cou- 


pling. 

A 6-in-diam hole is provided throughout the length of the 
shaft for inspection purposes, with four 2-in-diam radial holes 
adjacent to the lower flange connecting with the central hole for 
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the purpose of admitting air from the cover plate to the tip of the 
runner. A renewable stainless-steel sleeve in halves is secured 
to the shaft, by means of shrink links, where it passes through the 
packing box. 


GuIpE BEARING 


The main-shaft bearing is of the babbitt, oil-lubricated type, 
45 in. diam, with a length of 411/2 in., and consists of a semisteel 
shell, made in two sections, bolted to a bearing support. The 
bearing support is of cast steel in two pieces and is bolted to the 
upper cover. It will support the main bearing and act as a guide 
for the gate-operating ring. A pressure switch located in the oil 
groove in the bearing directly opposite the oil inlet will sound an 
alarm on low oil pressure, and a mercury-contact-type thermal 
relay with bulb located in the hot-oil discharge from the bearing 
oil pan will sound an alarm upon excessive temperature rise. 
A cast-steel oil deflector provided with an oil collector is secured 
to the shaft immediately below the bearing and drains the oil into 
the turbine oil sump which is formed in one side of the packing- 
box support. 

Two duplicate lubricating-oil pumps, for circulating the oil 
through the bearing, are mounted in an alcove in the pit 
liner. The main pump is driven by a 60-cycle 440-v a-c motor, 
and the stand-by pump is driven by a 250-v d-c motor. Normally, 
the oil will be circulated by the a-c motor pumping unit, the 
d-c motor pumping unit being arranged to start automatically 
and supply oil to the bearing upon failure of the oil pressure. 


CasING AND SPEED RING 


The casing is of spiral form, made of cast steel in fourteen sec- 
tions, and is cast integrally with the speed ring which forms a tie 
across its throat. The sections are joined together by means of 
flanged, bolted joints of ample strength and rigidity, Fig. 7. 

The speed ring containing fourteen fixed vanes is designed to 
support the weight of the superimposed parts and also to resist 
the upward thrust due to a pressure of 175 psi in the casing with 
no superimposed load. 

The casing is substantially circular in cross section to prevent 
deformation under pressure and is designed so that all internal 
parts of the turbine may be removed from above, Fig. 5. It has 
an inlet diameter of 15 ft and extends upstream to the face of a 
finished flange a distance of 20 ft from the center line of the tur- 
bine, where it connects to an expansion joint. A 24 X 36-in. 
manhole with a hinged cover is provided in the casing for access 
to the interior. 

The expansion joint made of plate steel connects the turbine 
casing to the penstock and consists of two separate pipe sections 
and an outside ring which form a packing box at the joint between 
the sections. The packing box is provided with alternate rings 
of rubber and flax packing held in place by steel glands. 


CovERs 


The top and bottom covers are each made of cast steel in two 
pieces to facilitate shipment and handling. The top cover is 
designed to support the weight of the main-shaft-bearing housing, 
the stuffing box, and the gate-shifting ring, Fig. 5. It contains 
two bronze-bushed bearings for each wicket-gate stem. Provision 
is made to carry the weight of the wicket gates and levers and 
any unbalanced hydraulic thrust by means of thrust bearings in 
the upper cover. The lower and inner faces of the top cover ad- 
jacent to the gates and runner are provided with finished surfaces 
for attaching renewable plate-steel wearing plates and rings. 

An adjustable packing box, which may be repacked without 
disturbing the main bearing, is provided where the main shaft 
passes through the top cover. The packing box is lubricated by 
means of water supplied from the penstock through a reducing. 
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valve in an amount sufficient to effect lubrication without leakage. 
into the turbine pit. Packing boxes are also provided where the 
wicket-gate stems pass through the top cover. 

The bottom cover is combined with the foundation ring. It is 
bolted to the spiral casing and draft-tube liner and contains the: 
lower bronze-bushed bearings for the wicket-gate stems. The 
upper and inner faces of the bottom cover are provided with 
finished surfaces for attaching renewable plate-steel wearing 
plates and rings, as in the top cover. 


WearInG RINGS AND Puiatss 


Each runner wearing ring is made from three carbon-steel 
bars with the ends welded together to form a ring. The ring is 
shrunk on the runner and in addition is secured by means of 
fillister-head screws with heads countersunk flush with the out- 
side diameter. The stationary wearing rings in the top and bot- 
tom covers are also of carbon steel, but in addition each wearing 
ring has two inserts, of hard brass, calked into dovetail slots in the 
ring. The hard-brass inserts were decided upon as it was desired 
that two metals of different characteristics be used in the event 
of accidental contact between the rotating and stationary rings. 
The stationary rings are machined on the outside diameter and 
sufficient stock is left on each ring seat in the top and bottom 
covers to machine to a true circle by means of a boring rig during 
assembly at the project. 


GaTEs AND OprRaTING MECHANISM 


The turbine gates are of the balanced-wicket type of cast steel 
with stems cast integral. Each stem is provided with three 
bronze-bushed bearings, one located in the bottom cover and two 
in the upper cover, one below and one above the stuffing box. 
The stem is bored throughout its entire length to supply grease 
to the lower bearing. 

Each gate has a cast-steel lever keyed to its upper end which, 
by means of a steel link, is connected to the gate-shifting ring. 
The link is connected to the lever by a semisteel shear pin de- 
signed to be the weakest element in the gate mechanism. This 
pin is strong enough to withstand the maximum operating forces 
but will break and protect the rest of the mechanism from injury 
in the event that one or more of the gates becomes blocked. 

The gates are so designed that in case of breakage of the shear 
pin the movement of the gate is limited so as to prevent inter- 
ference with the operation of other gates or the runner. Each 
gate is also provided with a thrust collar to carry any upward 
thrust due to hydraulic pressure, and is suspended in mid-position 
between the upper and lower covers by means of a thrust washer. 

The gate-shifting ring is of cast steel in one piece, of rigid de- 
sign, and is guided by renewable bronze guide strips on the top 
cover and bearing housing. It is connected at diametrically op- 
posite points, through adjustable forged-steel connecting rods, to 
the servomotors. 


Pir Liner 


The pit liner is of welded construction, made of 1/z-in. steel 
plate, with an inside diameter of 24 ft. The bottom of the liner 
is bolted to a flange on the spiral casing and the liner extends up 
from the top of the casing to the governor gallery floor at eleva- 
tion 951. The liner is designed to withstand hydrostatic pressure 
with tail water at elevation 985 without severe distortion. It has 
rigid circular flanges for mounting the servomotors. Alcoves are 
formed in the liner for the main-bearing oil pumps and instru- 
ments. Two checkered steel-plate walkways are provided in the 
turbine pit, one outside of the gate stems and one on top of the 
bearing housing. Steps leading to the turbine pit are mounted 
on the shifting ring, Fig. 5. 


BURNARD—TURBINES FOR GRAND COULEE DAM 


SERVOMOTORS 
The turbine is provided with two oil-pressure-operated double- 


_ acting hydraulic cylinders or servomotors which are mounted on 


heavy circular flanges in the walls of the pit liner. They have 
semisteel cylinders and cast-steel heads and stuffing boxes. The 
servomotors have a combined capacity sufficient to exert a torque 
in the shifting ring of 2,900,000 ft-lb, with an oil pressure of 250 
psi. Under this oil pressure and with an adequate supply of oil, 


‘ the servomotors are capable, under maximum operating-head 


conditions, of moving the turbine gates a full opening or closing 
stroke in 4 sec. The servomotors are provided with adjustable 
by-pass connections, whereby the rate of closure may be retarded 
from slightly below the speed-no-load position for maximum head 
to the fully closed position, so as to minimize pressure rises in the 
penstock. Provision is made on the piston rods for locking the 
gates positively in the opened or closed position, or for limiting 
the movement of the gates. 


Drartr TUBE 


The draft tube is formed in the concrete substructure of the 
powerhouse, the upper part being lined to a point 22 ft below the 
center line of the turbine distributor. The liner is made of 3/,- 
in-thick steel plate with welded joints and is heavily reinforced 
on the outside by means of suitable ribs. These ribs also provide 
means for anchoring the liner to the concrete of the powerhouse 
by the use of turnbuckle rods. Jack pads, attached to the lower 
edge of the liner, are provided for supporting it during the pour- 
ing of concrete. The top of the liner is bolted to the foundation 
ring by means of a flanged connection. Two 24 X 36-in. man- 
holes with cast-steel hinged covers, opening outward into the 
access passageways, are provided diametrically opposite each 
other to permit access to the draft tube and to the under part of 
the turbine runner. 

The liner was assembled in the shop and match-marked, then 
shipped completely knocked down for welding in the field. 

The draft tube is unwatered by gravity through valves pro- 
vided in the draft-tube dividing piers. These valves connect 
through a common unwatering header to a sump, from which the 
water is pumped by a motor-driven, deep-well type of pump to 
the tailrace. During the unwatering operation, the downstream 
end of the draft tube is closed by means of steel stop logs. 


GOVERNORS 


Governors for the 150,000-hp units are of the oil-pressure 
actuator type with motor-driven speed-responsive elements 
actuated from 3-phase permanent-magnet generators connected 
to the tops of the generator shafts. They control the gates of the 
turbines by means of the servomotors connected to the gate-shift- 
ing ring. They are adjustable to provide variable rates of actions 
for completely opening or closing the turbine gates in from 4 to 
12 sec. The speed-responsive elements are sensitive to turbine- 
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speed variations of 0.01 per cent. The speed change from no load 
to full load is adjustable from 0 to 6 per cent. 

Each governor is complete with an oil-pressure system, in- 
cluding two pressure-controlled 40-hp motor-driven pumps and a 
sump tank located within the actuator, and a pressure tank lo- 
cated adjacent to the actuator. The actuator is located at one 
end of and forms a part of the control board in the governor 
gallery at elevation 951, Fig. 11. The pressure tank is located 
just back of the actuator and connected to it by means of a 
6-in. pipe below the floor level. The system is designed to 
operate with an oil pressure ranging from 250 to 300 psi. 

The actuators are equipped with the following features which 
may be operated manually at the actuator or electrically by re- 
mote control from the control board: 

(a) A gate-limit-control device which will operate two adjust- 
able 1.5-amp 250-v d-c ungrounded limit switches. Each switch is 
independent and adjustable for circuit opening or closing over 
the range of travel of the gate-limit device. 

(b) A speed-level-controlling device. Speed controls are from 
85 per cent of rated speed at no load and zero speed droop to 
115 per cent of rated speed at rated load and maximum speed 
droop. 

(c) A device for opening and closing the turbine gates at the 
normal rate of movement. This device will be used for manual 
starting and stopping of the turbine and for automatic shutdown 
by means of automatic protective features incorporated in the 
main generator, governor equipment, or transformers. 

(d) A device for controlling the speed droop of the turbine. 
The amount of speed droop is adjustable from zero to 5 per cent. 

In addition, the following devices are furnished: 

(e) An electrically operated speed indicator mounted on the 
actuator column. This speed indicator is driven from a magneto- 
type generator on the generator shaft. In addition to indicating 
turbine speed, it will also indicate when rotation starts and stops. 

(f) Two gate-limit and gate position indicators of the dua! 
type, one mounted on the actuator and the other mounted on the 
benchboard in the main control room. These instruments indi- 
cate the position of the governor gate-limit device and the posi- 
tion of the turbine gates. 

(g) An overspeed switch, mounted on and forming a part of 
the governor-drive generator, arranged to shut down the turbine 
and sound an alarm upon overspeed. 

(h) A combination automatic and hand-operated air valve for 
controlling the operation of the generator brakes. The air valve 
is controlled by means of a low-speed switch, located in the 
housing of the permanent-magnet generator, so adjusted that 
the brakes cannot be applied until the turbine gates are fully 
closed and the speed of the unit has been reduced to 30 rpm. 
Brake application is intermittent with the time periods adjust- 
able, for a selected number of cycles. After that, the brakes are 
applied constantly until the unit is brought to a stop. 
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(t) Manual control of the turbine gates at the actuator by 
means of oil pressure from the governor oil-pressure system. 

(j) An airplane-type flexible-steel restoring cable, operating 
over sheaves and enclosed in a metal conduit, connecting the 
governor-restoring mechanism and the turbine gate-operating 
mechanism. This eliminates lest motion between the servo- 
motor piston travel and the governor pilot valve. 

The two oil pumps in the governor system have a combined 
capacity per minute of 3 times the total oil volume of the servo- 
motors. They will supply an adequate quantity of oil to the 
servomotors so as to operate the turbine gates through a com- 
plete closing or opening stroke in 4 sec with an oil pressure of 
250 psi, and with an operating head on the turbine of 355 ft. 
They are arranged to start and stop at predetermined oil pressures 
in the pressure tank. 

The two pumps are interconnected so that they can be op- 
erated independently, or together. When operating together, the 
interconnection and automatic control is such that either pump- 
ing unit may be used for normal operation with the other unit 
serving as a stand-by unit, arranged to start automatically either 
on failure of the electric-power supply to the operating pump or 
upon the oil pressure falling below a predetermined amount. 

The pressure tank has a total volume of 20 times the volume of 
the servomotor cylinders and will supply five complete servomotor 
strokes of the turbine with a drop in pressure from 300 to 250 
psi without the operation of the pumps. Float valves are pro- 
vided in the bottom of the pressure tank to close automatically 
in case the oil level drops, so as to prevent air, from the pressure 
tank, entering the governing system. 

The oil sump tank for the governor system is located in the 
base of the actuator, thus eliminating the necessity of having 
sump tanks below the governor floor. 


ACCEPTANCE TESTS 


After the turbines have been installed in the powerhouse and 
placed in satisfactory operation, they will be tested to determine 
whether or not the contractor’s guarantees of horsepower, water 
discharge, and efficiency have been fulfilled. These tests will be 
conducted in accordance with the testing code for hydraulic 
turbines recommended by The American Society of Mechanical 
Engineers, 


Pumpina PLantT 


Some of the power developed at the Grand Coulee Dam is to 
be used for the operation of pumps for irrigation purposes; there- 
fore, a short description of the pumping plant may be of interest. 

All irrigation water for the Columbia Basin project will be 
pumped approximately 295 ft from the reservoir behind the Grand 
Coulee Dam into a balancing reservoir formed in the Grand 
Coulee by the construction of earth dams at each end. The 
Grand Coulee Dam will raise the water from a minimum of 275 
ft to a maximum of 355 ft, and the pumps will lift it the remain- 
ing distance to the balancing reservoir. Ordinarily, pumping will 
be against a 295-ft head, i.e., from a full storage reservoir behind 
the dam to a full balancing reservoir in the Grand Coulee. 

The pumping plant is located along the shoreline of the res- 
ervoir just upstream from the left abutment of the dam, as 
shown in Fig. 1. 

Twelve pumping units are proposed for the ultimate installa- 
tion, each unit consisting of a single-stage vertical-shaft centrifu- 
gal pump having a capacity of 1600 cfs when operating under 
a total head of 295 ft, direct-connected to a 65,000-hp syn- 
chronous motor. The motor capacity is of such size that, with a 
full reservoir, one main generating unit in the power plant will 
have sufficient capacity to operate two pumping units. 

The water is supplied to.each pump through an individual 
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14-ft-diam welded plate-steel intake pipe which has a bellmouth 
inlet at elevation 1191.75 in the upstream face of the pumping- 
plant dam. The center lines of the pump casings are located at 
elevation 1203 and from this point the water is discharged 
through 12-ft-diam welded plate-steel discharge pipes about 800 
ft long into a canal leading to the balancing reservoir in the 
Grand Coulee 1.7 miles away. 

Through a canal of approximately 15,000 cfs capacity, water 
will be carried about 10 miles from the balancing reservoir to 
other canals from which it will be distributed through numerous 
laterals for irrigation purposes. 
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Discussion 


R. V. Torry.* This paper has been written primarily from 
the viewpoint of the designer of the power plant. Perhaps a few 
remarks on these turbines from the viewpoint of the turbine de- 
signer and manufacturer would be of interest. 

Among the first problems to be attacked was that of splitting 
up the parts, especially the cast-steel casing, so that they could 
be handled by rail shipments. The final design evolved for the 
casing provided for splitting the combined casing and speed ring 
into 14 pieces, which included two inlet rings. Longitudinal 
joints were avoided, all joints being placed at right angles with 
the flow. This reduced the loading of joints per unit length and 
facilitated manufacture. The angular spacing of the segments 
varied from 18 deg at the large end to a maximum of 63 deg near 
the smaller end. The 14 speed-ring vanes are irregularly spaced 
to suit each casing segment. Scale models were made of the 
largest pieces, of the special available railroad cars, and of the 
composite railroad clearances, as a final check on the drawings. 
High-tensile-strength bolt material, heat-treated, was used for the 
joints to reduce flange dimensions, and the bolts were prestressed 
to 23,000 psi, as determined by micrometer measurements. 

Due to its size and weight, the casing was assembled on a spe- 
cial foundation outside the shop, similar to that used in the field 
for boring, for assembly with other parts to be embedded in con- 
crete, and for the hydrostatic test. Boring was accomplished 
with a portable mill previously employed for battleship-turret 
work. The complete assembly for the hydrostatic test weighed 
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about 786 tons, including 375 tons of water. During the shop 
hydrostatic test of the first unit, the only one tested to date, de- 
flection readings were taken in mils at 48 points. The casing 


. joints were practically droptight. Leaks were found through the 


castings in only a few places. 

A somewhat new detail of a rectangular-shaped water-sealing 
groove was employed for the round rubber cord at the joints. 
The width of the groove is slightly less than the diameter of the 
cord, creating a pinch which holds the cord in place without 
clamps while placing the adjoining part. This type of groove 
seems to be superior to the older type. A model test indicated 
that the flange could be backed off nearly 1/g in. before the 
cord would blow at 230-psi test pressure. This type, incidentally, 
would be equally effective for pressure in either direction. 

The shop space available, as well as the shipping schedule, did 
not permit of making a complete shop assembly of all embedded 
and nonembedded parts at one time. However, separate assem- 
blies were made so that every part was fitted to its mating part or 
parts and thus proper fitting in the field is assured. 

The servomotors are carried by the walls of the pit liner. 
However, the pit liner is not designed to carry the servomotor re- 
actions without the help of the concrete backing. Alternate 
bolts of the servomotor flange serve as foundation bolts and ex- 
tend well back into the concrete. 

It will be noted from Fig. 5 of the paper that a considerable 
radial clearance is allowed between the speed-ring vanes and the 
wicket gates and between the gates and the runner vanes. The 
former clearance is necessary in this case due to the irregular 
spacing of the speed-ring vanes previously mentioned, there being 
14 vanes and 24 wicket gates. The latter clearance, between 
gates and runner with the gates fully open, is about 7°/s in. or 3.75 
per cent of the runner diameter. Ample clearance at that point 
is, of course, required to reduce mutual interference of a hydraulic 
nature, particularly for turbines which must be operated over a 
wide range in head. 

The runners are 197 in. nominal diam, the approximate limit 
for transportation in one piece, and each runner weighs about 
125,000 lb. Such runners are given an accurate check for static 
balance by supporting them on a hardened spherical point at the 
axis, slightly above the center of gravity of the runner. 

Provision is made for the possible admission of free air at three 
different points, Fig. 5 of the paper. First, an 8-in. valve is pro- 
vided, cam-operated from the gate mechanism, to admit air at the 
lower gate openings through ports in the runner crown, just down- 
stream from the runner vanes. With an initial normal tailwater 
level 7 ft above the center line of the runner, it is not expected 
that free air can be admitted through that valve. Later when the 
tailwater level drops to its minimum value, 6 ft below the center 
line of the runner, that valve will become effective. In the mean- 
time use will be made of the 3-in. air line which terminates at the 
center of the runner cone, usually the point of lowest pressure 
when the water leaves the runner with a whirl at low- or high- 
gate openings, such as to create a vortex disturbance in the draft 
tube. The 3-in. air line takes free air from the turbine pit 
through a Maxim silencer, a check valve, and a gate valve. The 
system will be effective and take air only when required, that is, 
when a vortex exists at the tip of the runner cone. The amount 
of air may be partially controlled by throttling the gate valve. 
A third air line, 2 in. diam, is provided through the crown plate 
to the space above the runner, just outside of the intermediate 
seal, where a low pressure is expected to occur. Any of the 
three schemes of air admission may be used as the conditions of 
tailwater level or other operating conditions may dictate. Al- 
though the various conditions were studied during the running of 
the model tests, it is difficult to predetermine the exact adjust- 
ments needed for the field. 
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TABLE 1 COMPARISON OF BOULDER DAM AND GRAND 
COULEE TURBINES 


Plant Boulder Grand 
Coulee 

Biated unit, DID. s..e0 ec. com ake ees eee 115000 150000 
ROE Ow alm pO DDO A aoe Mn Us Ocal hid bs 180 120 
Rated head, ft... 480 330 
Specific speed....... 022s seer reer tees at 33 
Rated discharge, cfS......---- 05-0 sere ret 2400 4500 
Inlet diameter of casing, ft.....-.-----++5:-- 10 ns) 
Number of casing sections.......-.----++--- 6 14 
Weight Ge Carvines lisse epon geod = aoc 450000 582000 
Maximum operating head, ft........-----9>: 590 355 
Casing test pressure, HPlnngacco anki: nario owe 500 230 
Diameter of wicket-gate circle, ft.........--> 17 19 
Nominal diameter of runner, in......-------: 171 197 
Height of wicket gates, ims....-...-------+-> 19 343/3 
Diameter top of draft tube, ft........--- pv al 14.33 
Ph GIAIMOvCE) Lone xeon clei ies OT Deo 24.0 
Diameter of shaft, in....-..- 2+ +. ee eet 36 44 
Length of shaft from center line of turbine to 

face of generator coupling, CU een Ree PO 43 
Diameter of shaft coupling, in........------- 613/4 75 
Size of main bearing, in......-.-----+-+-+--+ 361/41 X 2913/2 45 X 41}/ 
Servomotor capacity, ft-lb........---+---+:+ 340000 400000 
Operating ring torque, Bo veacdnonccog AOD 3180000 
Total turbine thrust, lb...-....----:----+-° 590000 925000 


The complete shipping weight of one turbine is expected to be 
about 820 tons, including the draft-tube liner, the 15-ft expan- 
sion joint at the casing inlet, and the intermediate turbine shaft 
but not including the governor and governor piping. 

Table 1 of this discussion gives a comparison of the principal 
data and dimensions of the Grand Coulee and Boulder Dam tur- 
bines. 

It has given the writer unusual pleasure to be associated with 
the design and manufacture of these turbines which are of unprece- 
dented size and horsepower capacity, being over 30 per cent more 
powerful than the most powerful hydraulic turbines now in opera- 
tion. His company received most excellent cooperation from the 
engineers and inspection personnel of the Bureau of Reclamation. 


AvurHor’s CLOSURE 


The discussion presented by Mr. Terry contains many inter- 
esting features not covered by the author and should add much 
to the value of the paper. 

He is correct in his statement that the pit liner is not designed 
to take the full servomotor reaction but is aided by foundation 
bolts extending into the surrounding concrete. 

He also properly points out that the 8-in. valve for admitting 
atmospheric air through ports in the runner crown may not be- 
come effective until the tailwater level drops to its minimum value 
and in the meantime use will be made of other available means of 
air admission. 

Table 1 of the discussion gives an interesting comparison be- 
tween the Boulder Dam and Grand Coulee turbines. The par- 
ticular Boulder Dam turbines used in this comparison, however, 
were not designed to operate solely at 60 cycles, 180 rpm. The 
specifications issued by the Bureau of Reclamation for these tur- 
bines called for units which could operate satisfactorily at either 
50 cycles, 150 rpm per minute, or 60 cycles, 180 rpm with no 
major change in the apparatus except the installation of runners 
suited to the particular speed. The author believes a better 
comparison with the Grand Coulee turbines may be obtained by 
the use of data pertaining to other Boulder Dam turbines which 
were designed for and are now operating at 60 cycles, 180 rpm. 

Using these data for the same items as given in Mr. Terry’s com- 
parison, the following values for the Boulder Dam turbines will 
obtain: 


Ratednunite On pasaaces sekiecice ayer meea er 115,000 
og Sorry em oaTe eo he Mires Se D8” 180 
inercalincnak fimmeppee nee omer 1c 200 Nae Ramu Aas 480 
Speuifie posed: ances wel ene hae Migs yi ae 27 
Watedidischarce, cls. oes aatursnss pole tS 2,340 
Inlet diameter of casing, PE Pee er oarescurcseaaie Hien al eas ase 10 
Nim bom on casing BeCtlODS=....qe0- 1 9=s ye so 5 
Weishtroticasings lr -nlom cit snes tr iG 381,000 
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Maximum operating head) ft. «20.5. cee ance nee se vee 
@asing test) pressure, Dsle svelte otis eee 
Diameter of wicket-gate circle, ft..................0. 
Nominal diameter'ofrunner.ins.)402 ee ne eee 
Heichtiof wicket, gates ins7:/40 se. sere eee 
Diametemtop of draft tubestt.s.eer ee eee eee 
Pitvdiameter ttevcscbrm sce e oat omer ie, CL ee 
Diameterof shatt; ins see. sre cee ee ees 
Length of shaft from center line of turbine to face of 

generator coupling, fho7 wench cates ioe ee ues eee 
Diameter of coupling between turbine and intermediate 


590 
500 


SNES: TIN eras orn e ees eases ease eee ee 613/4 
Sizevofanain bearings menses aoe ee oe ee ee 361/2X 29 
Servomotoricapselty.it-l bee see eee ee eee 324,000 
Operatinginn estorque pit-] onan en eaten nee 2,320,000 
otal turbime thrusts lb soe cinerea ear ee 600,000 


In conclusion the author wishes to thank Mr. Terry for his 
very interesting discussion. He also wishes to express his pleas- 
ure in being associated with him and his company in the design 
of the Grand Coulee turbines. 
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Economic Draft-Tube Proportions 


By A. R. DAWSON,! TORONTO, CANADA 


The purpose of this paper is to illustrate a new method 
whereby the most efficient and also the most economical 
proportions of a draft tube for a water-turbine installation 
may befound. A study is made of the excavation and con- 
crete costs, as the ratios of draft-tube width to runner 
diameter and draft-tube depth to runner diameter in- 
crease. These costs are compared to the actual capital- 
ized value of the horsepower saved due to the increased 
efficiency, as either ratio is increased. The comparison 
is made by means of computed curves and includes the 
ordinary range of power costs, as well as a range of load 
factors from 50 to 100 per cent, at which the unit might be 
expected to operate. The paper develops a method to 
overcome the seemingly prevalent practice of many tur- 
bine manufacturers of installing a certain definite size 
and shape of draft tube with a certain size runner without 
regard to the various factors which should enter into the 
selection. 


has been to produce draft tubes of highest possible ef- 

ficiency. This tendency on the part of manufacturers to 
improve the performance of their product is entirely understand- 
able and is appreciated by the purchasers. While manufacturers 
and users have undoubtedly given some thought to the economics 
of draft tubes, the literature dealing with this phase of the sub- 
ject is but meager. It must be recognized that draft tubes can 
be designed and built with very high efficiency if no limitations 
on cost are imposed. On the other hand, there are many in- 
stances in which the conditions existing at a given power-plant 
site make it economically impossible to use draft tubes of the 
highest efficiency. This paper suggests one method of procedure 
by which engineers may estimate how far it is feasible and eco- 
nomical to go in the design of a draft tube for a given installation. 

The method proposed herein is one which is well known to en- 
gineers and has been applied to many other problems, of which 
may be mentioned the selection of the proper diameter for hy- 
draulic-power-plant penstocks. In essence, the method adds 
together the cost of construction and the capitalized value of 
maintenance and of the power lost through inefficient operation 
and other causes and, by selecting that design which shows the 
lowest total capitalized cost, indicates the most economical de- 
sign. 

In the case of draft tubes, there is no one design which is gen- 
erally accepted by all manufacturers, nor is there one design of 
draft tube which is best for all types of hydraulic turbines. Asa 
generalization, however, it may be stated that the longer the 
draft tube, the more efficient it is likely to be. In the usual de- 
sign of power plants, in which the turbine is set with a vertical 
shaft, the draft tube may be thought of as being divided into two 
lengths: (1) The vertical section from the outlet of the turbine 
runner vertically downward to the elbow; (2) the horizontal por- 
tion of the draft.tube from the elbow to the discharge end. It 


if HE tendency in the design of hydraulic-turbine draft tubes 


1 Senior student in Mechanical Engineering, University of Toronto. 
Student Mem. A.S.M.E. 

Contributed by the Hydraulic Division and presented at the Semi- 
Annual Meeting, Milwaukee, Wis., June 17-20, 1940, of Tue AMbpRI- 
cAN SocreTy OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
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is not the author’s intention to suggest that the data which 
will be used here, and which will serve to relate these two lengths 
of the draft-tube and machine efficiency are generally applicable, 
but they will serve to supply data from which an illustrative ex- 
ample can be worked out. The unit for which this study is made 
is shown in Fig. 1, which represents a proposed unit for a hydro- 
electric power plant operating under a head of 68 ft and generat- 
ing 16,000 hp at 115.4 rpm. The diameter of the Francis-type 
runner is 12 ft and the specific speed is 74.8. The top of the 
draft tube is assumed to be 12 ft in diam. 

From studies which have been made available, curves have 
been drawn to show the relationship of the turbine efficiency to 
the proportions of the draft tube. Two curves are available, the 
first, Fig. 2, showing the relation of the efficiency change to the 
ratio of the diameter of the turbine and the vertical distance 
from the bottom of the runner to the bottom of the tube, the 
latter distance being hereafter called the depth of the tube. The 
second curve, Fig. 3, shows the relations between the efficiency 
change, and the ratio of the diameter of the runner to the width of 
the draft tube at exit. For both curves, a dimensionless parame- 
ter was used and efficiency drop was chosen for plotting. It 
should be noted that the efficiency drop was used rather than ac- 
tual efficiency, i.e., this is the loss of efficiency occasioned by too 
short or too narrow a draft tube, as compared with a deep or a 
wide one. These data have been obtained from the average of 
three different analyses, due to W. J. Rheingans on Francis- 
type runners, to F. Nagler on all types of runners, and to the 
N.E.L.A. Hydraulic Power Committee tests on straight draft 
tubes. The actual data were not directly available to the author, 
but were supplied through the courtesy of Mr. Nagler. 


Errect or VARIATIONS IN DraFrr-TUBE DEPTHS 


The curve Fig. 2, giving the relation between the ratio A = 
Draft-tube depth 


Runner diameter 

various sizes and shapes of turbines and draft tubes and has been 
assumed to be generally applicable to the unit being discussed. 
This curve shows that as A increases from 1 to 7, the loss in ef- 
ficiency decreases from 4.65 to 0.05 per cent, i.e., there is an in- 
crease in turbine efficiency of 4.6 per cent. Applying this result 
to a 16,000-hp turbine operating at 100 per cent load factor, shows 
that the actual power lost by varying the depth of draft tube over 
this range changes from 744 hp to 8 hp, and in Table 1 is shown 
the power loss corresponding to intermediate values of A. 


and the loss in efficiency, is based on data from 


TABLE 1 POWER LOSS CORRESPONDING TO INTERMEDIATE 
VALUES OF A? 


Horsepower 
Efficiency loss 100 per Revenue de- 
Ratio Depth of loss Fig. 2, cent load ficiency at 
A tube, ft per cent factor $10 per hp 
1 12 4.65 744 $7440 
2 24 2.32 371 3710 
3 36 1.28 205 2050 
4 48 0.78 125 1250 
5 60 0.50 80 800 
6 72 0.25 40 400 
7 84 0.05 8 80 
a Ratio A = Disft-tubedepth, 


Runner diameter 


Based on a price of $10 per hp per annum, the revenue defi- 
ciency ranges from $7440 to $80, as is indicated in Table 1. If 
these sums are capitalized on a 5 per cent basis, they correspond 
to values ranging from $148,890 to $1600. 
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Although the efficiency increases as the draft tube is made 
deeper, it is obvious that for each installation there is a point at 
which extra cost of excavation and construction more than offsets 
the saving due to the decreased loss of horsepower. To find this 
point, an estimate of the costs of excavation and concreting must 


be made. The method of analysis will be illustrated by applying 
25 
it to the plant shown in Fig. 1, which corresponds to A = io 


2.08. The depth of draft tube is shown as 25 ft, but the excava- 
tion should be carried lower, and it is estimated that 3 ft would be 
suitable. 

In order to arrive at the actual cost, the volume of the excava- 
tion and of concrete to be placed should be determined with care, 
by means of drawings showing quite closely the finished dimen- 
sions of the work. However, in this case the method of proce- 
dure is being described and certain assumptions have been made 
so as to enable this to be done; the author does not suggest that 
these assumptions are particularly exact. 

The horizontal length of tube is 37 ft from the center line of the 
turbine and it is estimated that the excavation would have to be 
carried 10 ft to the left, making 47 ft horizontal distance in all. 
The width of the tube is shown as 42 ft, made up of two 15-ft 
widths for the tube openings, a 5-ft division wall, and 3.5 ft of 
concrete between the tubes and the rock face. The author has 
followed the practice of certain designers in assuming that the 
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rock must be blasted away in front of the tube, at an angle of 45 
deg to the level of the top of the tube, this clearance being nec- 
essary to facilitate removal of the rock. 

The total excavation would therefore be (47 &* 42 < 25) + 
(3 X 47 X 42) + (/, X 25 X 25 X 42) = 68,397 cu ft = 2533 cu 
yd. Rock excavation has been assumed to cost $4 per cu yd,? 
considering average difficulties involved, including reasonable lo- 
cation of the plant, watering costs, and the cost of labor and trans- 
portation. Further, a calculation for this case indicates that the 
concrete placed is approximately 75 per cent of the volume of rock 
excavated, and the price of concrete in place has been taken at 
$22 per cu yd,? including reinforcement, aggregates, transporta- 
tion, labor, and form work. 

For the value of A = 2.08, therefore, the cost of the tube is 
readily found, but it should be pointed out that design and engi- 
neering costs are not included. In the same way the construc- 
tion costs for ratios A from 1 to 7 have been calculated and are 
set down in Table 2. 

To compare the relative merits of the different depths of tube, 
the method of total capitalized cost is used to combine the cost of 
the tube and the revenue deficiency, because the sum of the ef- 
fects of these two factors should be a minimum for the best tube. 
In calculating the total capitalized costs the following assump- 
tions have been made: 


1 That the useful life of the tube is 20 years and that it will be 
replaced at 20-year periods to perpetuity. This time may be 
thought too short, but experience shows that, for one reason or 
another, the tubes are replaced in from 20 to 30 years. Assum- 
ing a straight-line depreciation of 5 per cent, the capitalized value 
of the annual payments to a fund to provide replacement in 20 
years would be equal to the first cost. 

2 That annual repair and maintenance are 2 per cent of the 
original cost. The capitalized value of these annual payments to 
perpetuity at 5 per cent amounts to 2/; = 40 per cent of the con- 
struction cost. 

3 That the capitalized value of the annual power loss, that is, 
the revenue deficiency, is 5 per cent to perpetuity, which would 
amount to 20 times the values in the last column of Table 1. 


Based on the 16,000-hp turbine, taken as an illustration, run- 
ning at 100 per cent load factor and with power selling at $10 per 
hp per year, the values shown in Table 2 are obtained. 


TABLE 2 CONSTRUCTION es FOR RATIOS OF A¢ FROM 


1 2 3 4 5 6 uf 
Ratio A $1000 units -———_+_____ 
Construction cost.. 24.6 49.5 79.0 112.8 151.3 194.3 221.5 
Depreciation fund.. 24°6 49:5 (7950) 112.8 251-80 19403" 22165 


Repair and main- 


tenance fund..... 9.8 19:38)" V31 6“ 84be t 60.54 7 S86 
Capitalized value of 

power loss, Table 

Ee ara, ios ee T4878 W7452 SVALLON 92570) 1670 8.0 1.6 


Total capitalized 
cost............. 208.0 193.0 231.0 296.0 379.0 474.0 533.0 
Draft-tubedepth_ 


Runner diameter 


@Ratio A = 


Now, the selling price of power in Canada falls within the 
limits of $10 to $40 per hp per year, with very few exceptions, so 


? The values of concrete and excavation costs are averages for ex- 
isting plants of the Hydro-Electrie Power Commission of Ontario, 
Canada. 

(a) Chats Falls plant on Ottawa River, Ontario, for eight 28,000- 
hp turbines under 53-ft head, concrete $15 per cu yd; excavation 
$2.50 per cu yd. 

(b) Ragged Rapids plant on Musquash River, Ontario, for two 
5000-hp turbines under 38-ft head, concrete $25 per cu yd; excava- 
tion $6 per cu yd. 

(c) Alexander plant on Nipigon River, Ontario, three 18,000-hp 
turbines under 60-ft head, concrete $24 per cu yd; excavation $4 per 
cu yd. 


a 


Fic. 2. Curve SHowine Decrnase IN Erriciency Drop as Ratio 
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Fia. 3 Curve SHow1NG DECREASE IN Erricrency Drop as Ratio 


B INCREASES 
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that, by repeating the calculations for various power prices, a 
whole family of curves may be obtained in the same manner. 
For illustration purposes only, the values of $10, $20, $30, and $40 
per hp per year have been dealt with in this paper. Also, since 
turbine units rarely run continuously at 100 per cent load factor, 
the entire procedure may be repeated for any desired load factor 
and, in this case, the calculations have been made for 100, 75, 
and 50 per cent load factors. 

The curves, Fig. 4, show how the capitalized values of the annual 
horsepower losses or revenue deficiencies at varying horsepower 
values and 100 per cent load factor fall as the depth of draft tube 
increases. In the same figure, the total first cost and capitalized 
value of the depreciation and maintenance funds have been plotted 
on the dotted curve, which slopes in the opposite direction to the 
others. The curves in Fig. 5 show the sum of the items men- 
tioned, giving the total capitalized costs for the four prices of 
power assumed and for 100, 75, and 50 per cent load factors. 


EFFECT OF VARIATION IN Drarr-TuBE WIDTH 


This study is based on the results shown in Fig. 3, obtained 
from the same source as was used in Fig. 2, and shows the varia- 
tion of efficiency drop with draft-tube width. From this curve, 
the results shown in Table 3 are obtained in a similar way to 
Table 1. 


TABLE 3 POWER LOSS DUE TO VARIATION IN Be VALUES 


Efficiency Horsepower Revenue de- 
Ratio Draft-tube loss Fig. 3, lossat 100 per ficiency at 
B width, ft per cent cent load factor $10 per hp 
2.4 28.8 5.00 800 8000 
2.6 31.2 3.50 560 5600 
2.8 33.6 2.50 400 4000 
3.0 36.0 1.70 272 2720 
3.2 38.4 1.12 179 1780 
3.4 40.8 0.670 107 1070 
3.6 43.2 0.350 56 560 
3.8 45.6 0.150 24 ) 240 
4.0 48.0 0.025 4 40 
Reno Draft tube width 


Runner diameter 


In this phase of the calculation, the shape and dimensions of the 
sectional elevation at the top of Fig. 1 are assumed to be con- 
stant, the width of the tube alone changing. Proceeding in the 
same way as before, the rock excavation will be, for the case 
shown in plan in Fig. 1, ie, B = 2.5: —[(47 X 28) + (/, & 25 
X 25)] X 42 = 68,397 cu ft or 2533 cu yd. 

Using the same excavation and concrete prices as before, the 
construction cost has been arrived at and tables similar to Table 
2 made, and from these the results shown in Fig. 6 are obtained. 
Then in Fig. 7 the total capitalized costs for three load factors 
and for power at $10, $20, $30, and $40 have been plotted from 
which the most economical tube may be selected. 


CoNCLUSIONS 


From the curves of Fig. 5, it is seen that the ratio A = 
1,8, corresponding to 21.6 ft depth, would be the most economi- 
cal if the unit is to be run at 100 per cent load factor most of the 
time and if the selling price of 1 hp is $10 per year. However, 
if it runs at 100 per cent load factor and the value of power is $40 
per hp per year, then it would be more economical to use a depth 
of draft tube corresponding to a ratio A of 3.2 (i.e., depth = 12 
X 3.2 = 38.4 ft). Again, the ratio of 2.5 gives the most eco- 
nomical draft tube, if the unit is to be run at 75 per cent load 
factor and the value of 1 hp is $30 per year, while for 50 per cent 
load factor, the ratio 2.5 corresponds to power at $40 per hp per 
year. 

Similarly, for this proposed unit, the ratio of draft-tube width 
to runner diameter is B = 2.5. Now, from Fig. 7, it is seen that 
the minimum points for thé curves at $10 per hp per year are at 
a ratio B of 3.6, 3.4, and 3.2 for 100, 75, and 50 per cent load fac- 
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tors, respectively, giving the corresponding optimum widths of 
43.2 ft, 40.8 ft, and 38.4 ft. For values of power of $20 per hp 
per year, or greater, the curves all approach a minimum at a ratio 
of B = 4 corresponding to a width of 48 ft. Thus, any width of 
draft tube greater than 48 ft for this turbine would not give addi- 
tional efficiency or economy. Of course this is not the rule with 
any draft tube, since for other units with different horsepower 
ratings, first costs, or load factors, these curves might give definite 
minimum values such as were found previously with regard to 
In this case, the most eco- 
nomic width could be fixed definitely. 

There are many factors which affect the shape of these curves, 
both for variation in depth and variation in width but, in general, 
the curves take the same form, although the minimum points 
cover quite a wide range of ratios. For example, taking the unit 
studied in this paper as a basis, these facts become evident: 


1 For an installation of greater rated power than 16,000 hp, 
the minimum points would move to the right, ie., the more eco- 
nomic tubes would be both deeper and wider. 

2 For higher selling prices of power, the minimum points 
would move to the right. 

3 For higher interest rates than 5 per cent, the minimum 
points on the curves would move slightly to the left, but would 
not be changed greatly. 

4 For higher costs of excavation and concrete, the minimum 
points would move to the left. 

5 For lower load factors, the minimum points would move to 
the left. 

6 For higher maintenance and repair values and for a shorter 
estimated life of tube, the minimum points would move to the 
left. 


For a proposed installation, the rated horsepower is known, the 
costs of excavation and concrete can be closely approximated 
from boring tests and from the known location of the proposed 
unit or plant, and the selling price of power is usually well de- 
fined, as is also the existing rate of interest. Thus, the only fac- 
tors which have to be assumed before being able to complete the 
foregoing calculations are the expected life of the tube, which in 
most cases is the same as the expected life of the entire plant, the 
expected annual repair and maintenance costs, and the expected 
load factor at which the unit will be operated. 

It can be readily seen that these calculations and curves would 
be most valuable where (a) the limiting depth of the tube is fixed 
due to some irregularity of the rock formation from which excava- 
tion must be made for the draft tube, in which case the most 
economical width could be found; or (6) the width of the tube is 
fixed, as is more usual, due to limitations on the possible over-all 
length of the plant, in which case the most economical depth 
could be found. 
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Discussion 


F. Nacutrer.* This paper is commendable, in that it presents a 
type and completeness of analysis which the writer believes has 
not previously appeared in any of our technical publications. 

The method of capitalizing efficiency losses seems to be slightly 
intricate, but Table 1 brings the results down to a basis that is 
definitely conclusive. Certainly, this method of arriving at a 
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~ conclusion as to economical proportions of draft tube seems defi- 


nitely more sound than the all too prevalent method of accepting 
blindly a proposal drawing that is usually an arbitrary picture 
based on precedent of the manufacturer. It may be admitted 
that a given draft tube, showing up well with a particular runner, 
may thereafter be especially fostered by the manufacturer and 
sold indiscriminately to the buying public. It is far from certain 
that such a tube will necessarily work well with even a different 
type of runner by the same manufacturer and even less so with a 


», diverse design from another builder. 


oo ——_= es. 
pe 


Naturally, the significant basis of this paper is found in the 
efficiency-variation curves, Figs. 2 and 3. It seems to the writer 
that the former should be definitely asymptotic, although Fig. 3 
might not necessarily be so. Probably these curves are more open 
to criticism than anything else in the paper, as some such curves 
inherently form the basis of this kind of analysis. If the writer 


' recalls correctly, the N.E.L.A. at one time sponsored or at least 


considered correlating the data from all manufacturers to arrive 
at some conclusion along this line. There seems to be no doubt 
whatsoever that there is a definite relationship between each of 
the three factors, tube height, tube length, and tube width, and 
efficiency loss. The losses must increase as the vertical height of 
a tube is decreased, all other things being equal. Whether the 
exact shape in this paper is correct or not is probably secondary 
to the rather definite method the author presents for arriving at 
economical proportions. 

Tt might be in order to suggest that there is probably a com- 
plicated relationship between horizontal length and vertical 
height. This indicates the possibility of dealing with totallength, 
which would be the combination of these two dimensions. The 
Ryburg-Schworstidt draft tube is a striking example of a tube 
which has a major portion of its diffusion section in its horizontal 
run. The writer doubts, however, that even such an extreme ex- 
ample detracts very definitely from the indication of the author’s 
curve, Fig. 2, as it is extremely likely that its efficiency would be 
increased if its vertical run were longer. Some studies as to the 
combination of vertical and horizontal lengths seem to be in order. 

Fig. 5 is of interest in showing graphically and rather strikingly 
the effect on draft-tube proportions that is exerted by value of 
power, and similarly illustrates the striking effect of load factor. 
This showing seems unique in indicating so concretely a defi- 
nite difference in draft-tube proportions for changes in factors 
that usually enter not at all in fixing draft-tube proportions. It 
would be of interest, but probably very disappointing, if inquiry 
were made as to how many American plants had their draft-tube 
proportions influenced by such factors. 

The author’s conclusions are rather striking in their emphasis 
on the economical elasticity of draft tubes. The reason for con- 
clusion No. 1, however, is not quite evident and further comment 
by the author on this feature would be of interest. 


Arnotp Prav.! It may be said that the author’s draft-tube 
investigations start with the assumption that the top of the draft 
tube is at a fixed elevation, so that costs due to depth of excava- 
tion are dependent only upon the selection of this depth. 

The writer would point out that this top elevation, i.e., the 
setting of the turbine above the lowest tail-water level, depends 
upon and is materially affected by several factors, such as eleva- 
tion above sea level and above all on the velocity of the water 
entering the draft tube. As is well known, the latter is related to 
the specific speed of a unit. 

The selection of the type of turbine thus affects the depth costs 
materially. This is especially pronounced with the propeller- 
type turbine, having inherently very high entrance velocities of 


4 Consulting Engineer, Hydraulic Department, Allis-Chalmers 
Manufacturing Company, Milwaukee, Wis. 
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water into the draft tube and, thereby, requiring at the start a 
lower elevation of the top of the draft tube to minimize cavitation. 

It seems that the use of Kaplan-type turbines for high heads 
has been somewhat overadvertised by our European competitors 
under Kaplan license. We find that an unbiased investigation as 
to economical costs of a Kaplan type and a Francis type discloses 
that, at certain heads and capacities, a Francis-type hydroelectric 
installation proves more economical as to over-all costs than a 
Kaplan type, for the following reasons: 


1 For higher and higher heads, particularly exceeding 100 ft, 
the specific speed of a Kaplan type must be moderated, so that in 
fact its higher speed does not offer a material saving of generator 
costs over that of a Francis unit. 

2 Likewise, the setting above (or better said, below) lowest 
tail-water level becomes very expensive due to excessive excava- 
tion. 

3 The relatively higher percentage of overspeed above that of 
a Francis type involves a more costly generator. 

4 The vertical thrust of the Kaplan type involves a more ex- 
pensive thrust bearing. 

5 For reasons of stability of speed, the inherent flywheel ef- 
fect of a Kaplan-type hydroelectric unit must be materially 
greater than that of a Francis type. It is thus evident that all 
these factors will lead to a dividing line where the over-all costs 
point unmistakably to the selection of one or other type unit. 


This paper as such is of value since it points out that, in the de- 
sign of the draft tube, its costs must be weighed against the ac- 
tual gain by reason of greater output due to higher efficiency. It 
is a case parallel with other design factors. For instance, a tur- 
bine runner with 0.25 per cent improvement in efficiency but 
with a greatly shortened life, due to cavitation, may prove less 
economical than a runner moderately less efficient but involving 
no outage and subsequent repair costs. 


F. Scumipr.s The fundamental principles of the most eco- 
nomical draft tube must be applied to each individual case. One 
set of curves based on a given draft-tube design for a low-specific- 
speed Francis runner and prevailing construction conditions may 
not apply to a high-speed propeller-type runner under the same 
field conditions. Therefore, for each hydro project, a careful 
study of the draft tube must be made to determine the most 
economical design. 


J. D. Scovitin.$ The principle that turbine efficiency in- 
creases with draft-tube depth and width is generally recognized. 
There are limitations, however, which make it difficult to use this 
fact in determining the economic proportions of draft tubes. 

1 Ina great many cases the draft-tube width is fixed by the 
scroll proportions and is not subject to an analysis such as the 
author’s. The draft-tube depth is likewise controlled in some 
cases by the character of the material which must be excavated. 

2 It is possible to offset deficiency in draft-tube depth by 
variations in design. It should be remembered that the tailrace 
excavation is to be considered as well as that for the draft tube. 
Fig. 8 of this discussion shows two draft tubes having identical 
area curves but different proportions. The width of both of them 
is the same. Draft tube B shows better efficiency than A, hav- 
ing more vertical height but a steeper upward slope of the hori- 
zontal leg. This might mean enough saving due to decreased 
tailrace excavation to offset the greater depth at the elbow. De- 
ficiency in draft-tube depth can likewise be made up cheaply by 


5 Assistant Manager, Hydraulic Turbine Division, Allis-Chalmers 
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increased horizontal length, especially if this part of the tube is 
sloped upward. 

3 The curve in Fig. 3 of the paper, showing increased efficiency 
with greater draft-tube width, might be correct for one manu- 
facturer but is not right for all. By the use of a splitter in the 
horizontal leg of a draft tube, it is possible to offset the loss in 
efficiency due to a narrow tube. Fig. 9 of this discussion illus- 
trates this graphically. In this ‘case, it will be seen that the 
narrower of the two tubes shows the better efficiency. The area 
curves of these two draft tubes were identical. 

The writer feels that the rigid application of economic prin- 
ciples to draft-tube design is too complicated to be feasible. 


W. M. Wauirs.”? We are indeed indebted to the author for 
having presented this paper on the importance of draft-tube de- 
sign as regards efficiency and financial return on hydroelectric 
developments. 


7 Manager and Chief Engineer, Hydraulic Department, Allis- 
Chalmers Manufacturing Company, Milwaukee, Wis. Mem. 
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The writer does not agree with some of the conclusions which 
may be drawn from the data presented in the paper, but it is 
valuable to have this paper on record as a medium through which 
we may all offer contributions that will lead to a clarification of 
the all-important subject of depth of excavation for draft-tube 
design. 

AurHor’s CLOSURE 


In answer to Mr. Nagler’s query, concerning the reason for 
conclusion No. 1: ‘For an installation of greater rated power 
than 16,000, the minimum points would move to the right;’ 
it probably would have been clearer to have added, “provided 
all other factors affecting the curves remained constant.” It is 
evident that, if the calculations had been made for a unit greater 
than 16,000-hp capacity, then the power loss, the revenue defi- 
ciency, and consequently, the capitalized value of the revenue 
deficiency would also be correspondingly greater. However, the 
total first cost and the capitalized value of the depreciation and 
maintenance would remain the same with the other factors re- 
maining constant. Thus, when added together, the minimum 
points of the curves would move to the right of their former posi- 
tion showing that, with increased capacity, the more economic 
draft tubes would be both wider and deeper. 

With regard to Mr. Scoville’s limitation No. 1; the cal- 
culations would be of the greatest value where one of the dimen- 
sions of the tube was fixed due to some outside factor, such as 
certain required scroll proportions. In this case, the most eco- 
nomic depth could be found as discussed in the first part of the 
paper. 

Limitation No. 2 is easily taken care of since the principles are 
flexible enough to allow the inclusion of various costs such as 
tailrace excavation which would not occur in every case. No 
doubt the actual calculations in practice would vary somewhat 
with each design but the method would remain basically the 
same. 

As for Mr. Scoville’s limitation No. 3, it must be pointed out 
that the theory put forth in this paper must be attempted only 
after the general type of draft tube has been decided upon. The 
shape of the efficiency-drop curves, as shown in Figs. 2 and 3 of 
the paper, is not changed materially over a wide range of tubes, 
varying from the straight-vertical type to the sharp-elbow type. 
However, these experimental data were obtained prior to 1927, 
at which time the use of a horizontal splitter was comparatively 
unknown on this continent. It is quite possible that a splitter 
might change the shape of these curves but this in no way de- 
tracts from the usefulness of the principles set forth in the paper. 
It is quite conceivable that another pair of average curves could 
be drawn for various shaped draft tubes containing splitter plates. 
In this case the most economic draft-tube proportions could be 
found as before, but based on the new experimental curves. This 
is Just another example of one of the many fields which remain 
to be investigated in this study of economic draft-tube design. 


Some Performance Characteristics of 


Deep-Well Turbine Pumps 


By R. G. FOLSOM,! BERKELEY, CALIF. 


Test data are presented on a comparable basis to indi- 


' cate the relative performance of a series of deep-well tur- 
’ bine and propeller pumps. 


The range of performance 
characteristics obtainable with typical semiopen and 
closed impellers is shown and the losses introduced by 
axial adjustment of impeller-bowl positions are briefly 
discussed. 


HE centrifugal pump in all its many and varied forms has 

reached its high degree of perfection principally through 

trial-and-error methods of development. Although analyti- 
cal analysis has been of value in the development of specific 
units, this process is restricted in application, due to the com- 
plicated flow conditions encountered in the centrifugal-pump 
impeller and case. The trial-and-error procedure does not insure 
the production of pumps of maximum possible efficiency but, 
from a commercial viewpoint, satisfactory results have been ob- 
tained through its application. 

Since modern centrifugal pumps attain very high efficiencies, 
further research and development work will be of the most careful 
and painstaking type in order further to increase the performance. 
These investigations will include the study of isolated phenomena 
which control the flow through various portions of the pump. 
Such investigations are being pursued in many laboratories. 
Recent publications demonstrate that, in the past, various fac- 
tors have been neglected which may have an appreciable effect 
on the measured performance of centrifugal pumps. 

Detailed studies of various pump phenomena are being made 
at the pump testing laboratory of the University of California.? 
Certain results obtained from these investigations will be pre- 
sented and briefly discussed in this paper. The work of this labo- 
ratory deals principally with vertical-shaft units, particularly 
the deep-well turbine and the propeller pump. Both of these 
types are examples of specialized centrifugal pumps, but the re- 
sults obtained from the investigations will apply equally well to 
all centrifugal pumps. Some data were obtained on normal hori- 
zontal-shaft centrifugal pumps which are under investigation in 
the laboratory on a limited scale. 


CoMPARISON OF OvER-ALL PERFORMANCE 


The deep-well turbine pump has been developed to the stage 
where extremely high efficiencies are obtained for the design re- 
striction of the diameter of the hole in which the unit is to be 
placed. Although pumps of this class appear to be essentially 
the same upon superficial inspection of the types of impeller flow 
passages, areas, and other features, the laboratory experiments 
demonstrate that the performances of units from various manu- 
facturers vary over a wide range. In order to compare units of 


1 Assistant Professor of Mechanical Engineering University of 
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2 “University of California Pump-Testing Laboratory,” by R. G. 
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different design, shape, and size, use will be made of the term 
“specific speed,” which is defined by the equation 


rpm / gpm 


Mn = He/4 


where 


H = total head per stage developed by pump, expressed in 
feet of fluid being pumped. 


The specific speed expresses the requirements for dynamically 
similar operation of all geometrically similar centrifugal pumps. 
In practice, the term ‘“‘specific speed” has been found to be useful 
as an indication of the type of impeller required to meet certain 
pumping conditions. The specific speed always refers to the 
point of maximum efficiency of the pump-performance charac- 
teristic. The plotting of maximum efficiency versus the specific 
speed for many pumps throughout a wide range of specific 
speeds, and drawing the maximum envelope for these points 
will give a curve which indicates the maximum efficiency obtain- 
able by a pump of a given specific speed. Such a curve was pre- 
pared by Hollander in 1937 for optimum efficiency of single-stage 
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pumps and published by Daugherty,’ and is reproduced in Fig. 1 
of this paper. This particular curve applies to single-stage pumps 
of 12-in. nominal size. Due to hydraulic leakage loss and 
mechanical friction, larger pumps would be expected to show 
higher efficiencies and smaller pumps lower efficiencies. 

The maximum efficiency of deep-well turbine units investigated 
by the pump testing laboratory is also plotted in Fig. 1. In 
order to indicate the relative size of the various units, the number 
alongside the plotted point refers to the horsepower per stage of 
the pump. It will be noted that the relative performance of com~- 
mercial deep-well turbine pumps varies greatly; in fact, this 
limited series of tests indicates 15 points or more in efficiency as 


3 “Hydraulics,” by R. L. Daugherty, McGraw-Hill Book Com- 
pany, Inc., New York, N. Y.., 1937. 
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the difference between the best and poorest units. This spread 
indicates that the deep-well turbine is far from being a standard- 
ized product in which the performance of units from different 
manufacturers is very similar. 

The efficiencies of deep-well turbine pumps are generally lower 
than those of normal horizontal-shaft units, as all hydraulic 
losses between pump entrance and immediately beyond the dis- 
charge elbow and mechanical losses of the drive shaft are charged 
against the pump. The laboratory tests were made on pumps 
with riser columns about 10 ft long, thus having small losses as 
compared with the usual field installation. A slight increase in 
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the efficiency percentage can be realized as the pumps are multi- 
staged to four or five stages. No consideration is given to this 
feature in this paper. 


Drrr-WELL TuRBINE Pump Losszs 


There are many ways of classifying centrifugal pumps but, on 
the basis of the impeller shape and design, there are three prin- 
cipal types, namely, radial-flow, mixed-flow, and axial-flow units. 
The three characteristic types are illustrated, respectively, in 
Figs. 2, 3, and 4. These different types of impellers are pro- 
duced with a variety of shapes and construction features. The 
radial- and mixed-flow impellers are used extensively in deep-well 
turbine pumps. The two types of construction usually adopted 
are the closed impeller, as illustrated by the radial-flow unit Fig. 
2, and the semiopen impeller, as illustrated by the mixed-flow 
unit, Fig. 3. The axial-flow unit Fig. 4, which is sometimes re- 
ferred to as a propeller pump, may have blades of widely varying 
shapes and areas. The principal impeller features other than 
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blade shape and passages are the methods of attaching the im- 
peller to the rotating shaft, and the method of sealing the suction 
intake from portions of the pump under the approximate im- 
peller discharge pressure. The methods of attaching the im- 
peller to the shaft will not be discussed in this paper, as this is a 
purely mechanical problem and in no way affects the hydraulic 
performance of the unit so long as the relative position of im- 
peller and shaft is fixed. Sealing methods vary widely and have 
a large influence on the hydraulic performance of the pump. 

A centrifugal pump consists essentially of an impeller rotating 
in a housing with sealing glands on a rotating shaft to prevent 
external leakage into or from the pump, and with seals inside the 
pump between the high- and low-pressure areas. In general, the 
deep-well turbine pump has these features of the normal centrifu- 
gal pump but, in addition, it is located at the ower end of a 
flow column which surrounds the drive shaft, powered at the 
surface. In order to meet these conditions, special arrangements 
of impeller and bowl flow passages, guide and thrust bearings, 


) 


must be made. The chart, Fig. 5, indicates energy flow and losses 
for a typical deep-well turbine unit. 


Axrat ADJUSTMENT 


The relative position of the impellers with respect to the pump 
bowls will be adjusted by the shaft nut at the motor coupling. 
For gear-head or other drive, provision is made for vertical ad- 
justment of the shaft. This adjustment may be of primary im- 
portance in many types of deep-well turbines since it controls 
the leakage quantity which is a short-circuit loss in the pump, 
and is a direct loss in the performance of the unit as a whole. 

The radial clearance between the wearing ring and the bowl 
is the principal control of the leakage quantity of a normal closed 
impeller. For this type, axial adjustment of the impellers has 
little or no effect on the pump performance. Some closed im- 
pellers are made without the usual “skirt”? or wearing ring, but 
include a sealing surface which depends upon axial adjustment 
to control the leakage. The semiopen impeller depends upon a 
close fit between the blades and bowl to reduce leakage to a mini- 
mum, 

In so far as possible, the results of all experiments have been 
expressed in dimensionless form. For example, the discharge rate 
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at any point of operation is expressed as a ratio of actual discharge 
at that point with the discharge corresponding to the point of 
maximum efficiency. In a similar manner, clearances of im- 
pellers (the clearance being the axial distance between the lower 
portion of the impeller and the bowl) are expressed as a ratio of 
clearance between the bottom of the impeller and bowl to width 
of impeller flow passage at the outlet. Fig. 6 shows typical re- 
sults of clearance and efficiency of semiopen and closed im- 
pellers. This graph demonstrates the relatively small change in 
performance of a normal closed impeller as compared with that of 
a semiopen impeller. Closed impellers with special seals for 
vertical-shaft adjustments have characteristics similar to all 
semiopen impellers. The work of this laboratory has shown 
that, when a normal closed impeller is adjusted with reasonable 
care to the middle of the adjustment range, the variations in 
performance for different adjustments are less than the error in 
the usual performance tests. 

Fig. 7 illustrates the typical performance curves for semiopen 
impellers with various clearance ratios. Summing up the char- 
acteristics of deep-well turbine pumps, as affected by variations 
in axial adjustment, we find (1) the head, discharge, hydraulic 
thrust, power, and efficiency of normal deep-well pumps with 
normal closed impellers are not measurably affected by axial 
clearance within the possible range of axial adjustment; (2) at 
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constant head, the efficiency, power input, hydraulic thrust, and 
discharge of deep-well pumps with semiopen impellers decrease 
with increase of axial clearance; (3) closed impellers, equipped 
with sealing devices subject to axial adjustment, exhibit per- 
formance characteristics similar to those of semiopen impellers. 

The foregoing discussion is restricted to new pumps and in no 
way considers the application of specific designs to conditions 
where wear, due to abrasive particles in the water, is of impor- 
tance. These data are presented to call attention to the fact that 
correct adjustment of some types of design is necessary to obtain 
and to maintain the highest possible efficiency. These conclu- 
sions apply equally well to horizontal-shaft or other centrifugal 
pumps having impellers similar to those described. 


CONCLUSIONS 


The performance of similar commercial deep-well turbine 
pumps varies over a considerable range. Further tests may indi- 
cate a greater range of divergence. 

A clear understanding and a careful study of losses will be 
necessary for a further improvement in performance of present 
high-efficiency units. 

Initial and maintained high efficiency of centrifugal pumps re- 
quires careful axial adjustment for certain types of impeller con- 
struction. No data are presented regarding the change in per- 
formance with wear, a factor which may be of primary impor- 
tance in some installations. 
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Discussion 


J. W. Datuy.‘ It has been observed in the hydraulic ma- 
chinery laboratory of the California Institute of Technology that 
some pump designs of the horizontal-shaft, medium-specific- 
speed type show definite improvements in head and efficiency 
when subjected to increased submergence. For a few pumps, 
this improvement persists even after inlet heads of 50 ft and 
above are reached. The important conclusion from such results 
is that many pumps designed for and installed with relatively 
large submergence margins must actually operate under cavitat- 
ing conditions. Consequently, in tests made for research pur- 
poses, adequate representation of pump performance cannot be 
made without reference to the submergence. 

The author describes tests of deep-well turbine pumps and com- 
pares them on the basis of over-all performance. No information 
is given as to the method of testing, but an earlier article by the 
author® indicates that variable-submergence tests are possible. 
However, the absence of any consideration of inlet pressures here 
leads to the conclusion that the tests are made at practically con- 
stant submergence. Referring to the plotted points of the au- 
thor’s Fig. 1, itis noted that there is a lack of system to the varia- 
tion in maximum efficiency (for a particular specific-speed range). 
This allows some speculation as to existence of a behavior in deep- 
well pumps similar to that observed in the radial-flow, horizontal- 
shaft type. It would be particularly interesting to learn whether 
or not the performance of units with semiopen impellers of me- 
dium and high specific speeds would ‘improve with increased 
pressure on the suction side. Submergence is likely to be impor- 
tant not only when operating with normal clearances, but also 
when the clearances are large. The writer recognizes that, prac- 
tically, the physical setting dictates the submergence but, as the 
author has indicated, improvement in design dictates painstak- 
ing investigation for optimum results. It is felt that a quantity 
of such information on a variety of designs should be useful to 
the designer. 


J. M. Harr.6 In my opinion, this paper, concerning the results 
of tests on deep-well turbine pumps, represents the most accurate 
and unbiased report on relative performances which has yet been 
published. The general results agree very well with similar tests 
which we have made with entirely different laboratory equipment. 
There are a few comments the writer would like to make concern- 
ing the presentation of these test results: 

In Fig. 1 of the paper, the maximum efficiencies of several types 
of deep-well turbines have been plotted against specific speeds. 
An optimum-efficiency curve is shown, which, in effect, indicates 
the degree of development of the pump tested. As far as we can 
determine, the pump used for the optimum-efficiency curve was 
a 12-in. horizontal centrifugal pump. The question arises as to 
whether it is the best basis for comparison, in determining degree 
of development of relatively small deep-well turbine pumps, since 
the radial space for conversion of velocity head is definitely re- 
stricted in the case of the latter, while the discharge from the 
impeller of the horizontal-type pump is at the plane of the im- 
peller rather than normal to it. 

The number of stages of the various units which were tested 
and plotted is not noted, but it is stated in the paper that a slight 
increase in efficiency may be realized by multistaging to 4 or 5 
stages. It has been our experience that the additional efficiency 
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by multiple staging varies with the class of pumps, that is, 
whether they are straight centrifugal or mixed flow and that, in 
the average case, pumps with 8 stages or above perform with an 
efficiency approximately 6 points higher than a single-stage pump 
of the same type. Thus, it seems that the number of stages 
tested is an important item when efficiencies are to be compared. 

In showing the clearance between the semiopen impellers and 
the bowl, a clearance ratio is used. The writer feels that it 
would also be of value if the reader were to know the absolute 
clearances involved, in which he is dealing, and as to whether 
these clearances are those only obtainable by expert operators in 
a laboratory or whether they can be easily obtained by an aver- 
age operator with field settings of the ordinary range of magnitude 
between 200 and 400 ft. The change in length due to the torque 
imposed on the shaft in combination with the hydraulic thrust, 
and the upward reaction of the water being turned as it enters 
the impeller create a change in the shaft length, complicating the 
field adjustment materially. Accordingly, the writer feels it to 
be of importance, in considering this study, to know the order of 
magnitude of the clearances involved. 

In the summary of the effects of axial adjustments on the per- 
formance, it is stated (8) ‘closed impellers, equipped with sealing 
devices subject to axial adjustment, exhibit performance charac- 
teristics similar to those of semiopen impellers.’ It should be 
noted that this statement is not true when the closed impeller 
has both a close radial-skirt clearance and a seal at the bottom 
of the skirt with the customary axial adjustability. 


M. Motu.’ This discussion will be made from a commercial 
standpoint, pertaining to the issues discussed in this paper, and 
their influence upon the recommendation and application of dif- 
ferent types of deep-well turbine and vertical wet-pit pumps as 
manufactured by our company. The writer’s comments are 
based on his observations and experiences with this type of pump- 
ing equipment throughout the Northwest during the last 15 
years. 

The deep-well turbine can truly be called a western product, as 
it had its inception on the Pacific Coast. For this reason its de- 
velopment can easily be studied from many of the older installa- 
tions, to determine the result of the various ideas on design and 
construction. It is true that many design and development 
methods have been employed to obtain the highly efficient deep- 
well turbine and other vertical modifications offered on the market 
today. As stated by the author, ‘‘the trial-and-error procedure 
does not insure the production of pumps of maximum possible 
efficiency,’”’ and it may be years before these actual results are 
accomplished from a truly commercial standpoint. Accuracy 
and long life in pumping equipment are achieved, particularly by 
eliminating so-called special features, using only conservative 
and time-proved designs. 

It is not possible today, with modern manufacturing methods, 
to develop new designs under the regular schedule of production, 
because standard current modifications are used in order to speed 
up production and fill orders on definite delivery schedules. De- 
velopment work is done on certain-size pumps which are found 
to be lacking in performance with competitive units of the same 
characteristics. Competitive bidding on the larger government 
and municipal specifications is responsible for keeping definite 
records of performance on the various sizes offered. Many of 
the individual points of design are constantly under investigation 
and upon the results are based new development programs from 
yeartoyear. This development schedule is studied and a definite 
program laid out for each year, in order to keep abreast of compe- 
tition. 

Today it is possible to offer vertical close-coupled wet-pit-type 

7 Sales Engineer, Fairbanks, Morse & Company, Seattle, Wash. 
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pumps for application in the high-head field, with over-all effi- 
ciencies exceeding those of horizontal split-case-type centrifugal 
pumps within their range. This is even more evident where it is 
necessary to use multistage horizontal units. Fewer hydraulic 
losses are experienced in the completed installation using the ver- 
tical deep-well turbine pump, as compared with the use of hori- 
zontal multistage or series-connected pumps with all of the ap- 
purtenance piping. 

The term “specific speed,” which is applied in a nontechnical 
manner in the commercial field, is a watchword in the selection of 
pumps which will give satisfactory performance for the operating 
conditions specified. Propeller, axial-flow, mixed-flow and deep- 
well turbine pumps, as well as all other centrifugal pumps, have 
a specific-speed range in which they are designed to operate with 
quiet smooth performance and without cavitation, and at a mini- 
mum of submergence. It is always desirable to select pumps, 
particularly in the low-head field, which come well within their 
specific-speed range. However, there are times, in the applica- 
tion of such pumps, when it is necessary to sacrifice the most 
efficient pump, which is within the correct limits of specific speed 
for that one modification, because of the high first cost of the 
equipment. This is found to be true on extremely low-head jobs, 
where the best performance will often be found at extremely low 
revolutions, thus causing high cost of the electric motor. 
(Specific speed must not be confused with pump rpm.) 

The author has expressed in an enlightening and graphic man- 
ner, the losses to be accounted for in the deep-well turbine pump. 
The Hydraulic Institute has also made these points very clear, 
and through this source standardization along this line has been 
effected to a large degree. 

The observations, outlined in the paper, on the subject of 
“axial adjustment,” are important, as they pertain to actual re- 
sults from operation of deep-well turbine pumps. It has been 
found, with this type of pumping equipment, that enclosed im- 
pellers with a long “‘skirt”’ and arranged for a vertical adjustment 
of ample proportions, will give better efficiency in the hands of 
the average operator, than will other types of semiopen impellers. 

The conclusion, offered in this connection, is not only in accord- 
ance with those found in the field, but substantiates the funda- 
mental reason for this type of design. Where highly efficient 
well-built deep-well turbines are selected for applications requir- 
ing continuous service, the enclosed-type impeller should be 
specified. The construction throughout the bowl assembly 
should be of a high order of precision, with bronze bearings and 
renewable wearing rings both in the bowl casting and in the im- 
peller skirt. 

For deep-well turbines, which are required to change capacity 
throughout a small range, as is often specified in cases where the 
capacity of a well may be less at one season of the year than at 
another, the semiopen impeller is desirable. With this adjust- 
ment, the vane of the impeller is lifted from the seat in the bowl, 
thus allowing a greater clearance as described by the author. 
However, this effect to reduce the capacity is always a costly one 
as it decreased the efficiency of the pump. 

The vertical deep-well pump, employing good standard forms 
of design which have been proved in service for the last decade, 
has now been developed to a point where it can compete in effi- 
ciency and cost with the horizontal centrifugal pump. It has 
found a very definite application for certain types of pumping 
requirements. The deep-well turbine should be carefully ap- 
plied. When a pumping problem is under consideration, a 
definite analysis should be made to aid in arriving at an unbiased 
choice between the horizontal centrifugal pump and the vertical 
deep-well turbine. Many manufacturers of only one type of 
pumping equipment will almost invariably recommend and try 
to sell their products regardless of the correct application in- 
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volved, which practice should be carefully guarded against by all 
engineers. 


Avurnor’s CLOSURE 


The problem of the correct magnitude of submergence to ob- 
tain satisfactory centrifugal-pump performance is always present 
but becomes particularly troublesome for large-specific-speed 
units. Mr. Daily has called attention to this important variable, 
the discussion of which was omitted from the paper. Of equal 
importance are the fluid velocities, in magnitude and direction, 
at the impeller inlet. For the tests reported at the large specific 
speeds, values larger than 5000, the submergence varied from 
about 3 to 4 ft, and the other units had submergences from about 
5 to 12 ft. All tests were conducted with the pump installed 
approximately in the middle of the laboratory 8 X 8-ft test pit. 

Submergence has much less influence on multistage pumps than 
single-stage units as the first stage is the only one of the multi- 
stage construction that is affected to an appreciable extent by 
the pressures and velocities at inlet. Thus with the normal 
multistage deep-well turbine pump, the small change in per- 
formance at increases in inlet head becomes insignificant. With 
single-stage large-specific-speed units, the submergence is one of 
the limiting factors restricting application. On the basis of un- 
reported tests, increases in efficiency of less than one per cent 
would be expected for these units with relatively large increases 
in inlet heads. 

Results have not indicated appreciably different behavior with 
respect to inlet heads for semiopen impellers with different 
clearances. All semiopen impeller pumps tested were multi- 
stage and thus the phenomena would not be apparent, as it oc- 
curs in the first stage only. 

Mr. Hait is correct in his conclusion that the optimum effi- 
ciency applies to 12-in. horizontal pumps. This curve was 
selected to indicate degree of perfection as it has been previously 
published, and sufficient data have not been made available to 
the author by deep-well turbine manufacturers to allow him to 
develop a generalized curve representing all companies. Some 
such curve should be used when making a comparison as the ex- 
pected maximum efficiency of any type of centrifugal pump varies 
with the size and specific speed. 

Mr. Hait indicates increases in efficiency through multistaging 
somewhat in excess of usual values and that appreciable in- 
creases occur for a larger number of stages. This increase in 
efficiency is a function of the pump design, size, and relative dis- 
tribution of losses. Thus, if bowls only are considered, a differ- 
ent value of efficiency increase will exist than if the complete 
pump with riser column discharge elbow and suction piece are 
included. The number of stages for the units tested are the 
following: 


Specific Specific 
speed Stages speed Stages 
760 6 2600 5 
780 6 2600 4 
1900 2 2800 2 
2300 1 4100 10 
2400 2 6900 1 
2500 2 7200 1 
2500 7 7400 1 
9500 1 
12700 1 


Axial adjustment of deep-well turbine pumps is considered in 
some detail in a recent publication.® 

One series of tests with an impeller having radial-skirt clear- 

8The Axial Adjustment of Deep-Well Turbine Pumps,” by 
Morrough P. O’Brien and Richard G. Folsom, University of Cali- 
fornia Press, Publications in Engineering, vol. 4, no. 2, 1940, pp. 19-26. 
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ance and axial adjustability showed performance changes with ceived, although the author would like to point out that some of 

axial adjustment similar to the semiopen impeller characteristics the conclusions are open to considerable argument. It is almost 

except that the magnitude of the performance change was much impossible to specify any one type of construction as a standard 

reduced. because of the wide variety of conditions to which these pumps 
Mr. Mull’s remarks from the field standpoint are gladly re- are applied. 


Centrifugal-Pump Performance as 


Affected by Design Features 


By R. T. KNAPP,! PASADENA, CALIF. 


This paper presents some of the results of a study of 
Grand Coulee pumping-plant characteristics. The re- 
search program was conducted for the Bureau of Reclama- 
tion by the California Institute of Technology in its 
hydraulic machinery laboratory (1)? and has been in 
progress since January, 1938. While the principal ob- 
ject was to determine the operating features for pumping 
units to be installed at the Grand Coulee project, the 
results obtained are somewhat more generally appli- 
cable than might be expected. It is believed by the author 
that investigations of a somewhat similar nature offer 
the most reliable means for securing the characteristics 
desired in hydraulic units, both pump and turbine, for 
practically any given set of conditions. 


NEED FOR [INFORMATION 


HE need for a thorough study of the Grand Coulee pumping 
plant arises basically from the tremendous size of the units 
proposed, i.e., 1600 cfs capacity with a motor of approxi- 
mately 65,000 hp for each pump. Full knowledge of the pump 
characteristics is required, due to the great range of operating 
head, from 295 to 367 ft, which is caused by the variation of the 
inlet head, from + 80 ft to + 5 ft. Also, the probable operating 
cycle makes it desirable to have as high a capacity as possible 
when operating against the high head. In addition to the matter 


-of the proper relationship between the capacity and head over 


the operating range, the following items were considered to be im- 
portant for satisfactory pump operation: 


(a) Freedom from cavitation over the entire operating range 

(b) Low radial forces due to hydraulic unbalance. 

(c) Freedom from unstable regions within the operating range. 

(d) Constant-speed operation. 

(e) Satisfactory transient performance which will permit 
simple shutdown procedure. 

(f) Suitable characteristics when operating as a turbine to 
provide the possibility of utilizing units for peak-load power de- 
velopment. 


Furthermore, to obtain the lowest-cost unit, including the 
motor, it was necessary to determine the maximum permissible 
operating speed for which units could be obtained that could also 
satisfy the foregoing requirements. 


Mop£EL AND PROTOTYPE Pumps 


The pumps contemplated for installation at Grand Coulee are 
unprecedented in size and power requirement. They are to be in- 
stalled vertically and will be of the single-stage single-suction 
type. Hach unit is expected to have a capacity of about 1600 


1 Associate Professor of Hydraulic Engineering, California Insti- 
tute of Technology. Mem. A.S.M.E. 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Hydraulic Division and presented at the Fall 
Meeting, Spokane, Wash., September 3-6, 1940, of THE AMERICAN 
Socrmnty or MEcHANICAL ENGINEERS. 

Nors: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


cfs. The normal head against which it is to deliver is about 
295 ft. Approximately 65,000 hp will be required. It is esti- 
mated that the pump for this duty will have a discharge nozzle of 
8 to 10 ft diam, an impeller of from 12 to 17 ft diam, with an eye 
dimension of from 6 to 10 ft. The width of the impeller at dis- 
charge will be in the neighborhood of 20 to 36 in. The speed 
range is from 150 to 200 rpm or possibly slightly higher. 

Although the present study is not a “model” study, but rather 
an investigation of the possible characteristics of the machines, 
the units tested in the laboratory may be thought of as models in 
order to visualize a size comparison. On this basis the model 
ratio would range from 121/, to 15. The studies were all made at 
or near the full prototype head. The capacities varied from 7 to 
10 cfs at the operating point. The horsepower requirements fell 
within the range of 290 to 400. All of the units had maximum 
efficiencies in the vicinity of 90 per cent. The discharge-nozzle 
diameters were 8 in. The impellers varied from 121/, to 14/2 in. 
diam, with eyes of from 6 to 8 in. and with discharge widths of 
from 11/, to 21/2 in. Testing speeds fell between 2100 and 2600 
rpm. 

It will thus be realized that these test pumps are comparatively 
large machines, therefore, accurate passages and vane angles may 
be expected. Furthermore, the large size and high efficiency of 
these units permit drawing direct conclusions concerning the per- 
formance of prototypes. To reduce the number of variables, 
several cases were designed to operate with the same impeller, 
thus making it possible to ascertain clearly the characteristic-per- 
formance differences between such case types as single-volute, 
double-volute, and fixed-vane-diffusor constructions. 


PRESENTATION OF DaTA 


In order to make the results from the different units directly 
comparable, the characteristic curves have been plotted on a 
percentage basis. The normal operating head at Grand Coulee 
is 295 ft. This has been taken as 100 per cent. The capacity at 
this head is therefore designated as 100 per cent. The maximum 
efficiency of each unit has been used as the reference value for 
that unit, and has been plotted as 100 per cent. It should be 
noted that the maximum-efficiency point will not coincide neces- 
sarily with the 100 per cent capacity and head point. When- 
ever plotted, torques and horsepowers have had, as a 100 per 
cent reference, the corresponding values at 100 per cent capacity 
and head. For example, since the prototype-head range is from 
295 to 367 ft, this system gives an operating-head range of from 
100 to 125 per cent. 


Comparison or NorMAL OPERATING CHARACTERISTICS 


Capacity-Head and Efficiency Characteristics. During the 
course of this program, several series of experiments were made 
in which a single impeller was tested in two or three different 
cases. In order to establish a basis for the discussion of the re- 
sults, a brief résumé of the respective functions of the impeller and 
the case of a centrifugal pump seems desirable. 

The impeller adds energy to the fluid flowing through it. At the 
discharge from the impeller, this added energy is in two forms: 
(a) an increase in pressure, and (b) an increase in velocity. 
The case has two functions: (a) to collect the fluid as it discharges 
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around the impeller periphery, and (6) to transform a large part 
of the velocity into pressure with as little loss of energy as pos- 
sible. 

If an impeller could be tested alone under such conditions that, 
for all rates of flow, the discharge would be uniform around the 
periphery, its basic operating characteristics would be deter- 
mined. A perfect case would be one which would have no losses 
over the entire operating range; therefore the combination of 
the impeller, operating in such a case, would have the identical 
performance characteristics which were obtained from the im- 
peller operating alone. Since no real case is without losses and, 
furthermore, since no real case is equally efficient over the entire 
operating range, the performance of the unit as a whole is always 
lower than that of the impeller alone. The deviation will be least 
in the zone in which the case characteristics match the impeller 
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characteristics to best advantage, and will increase on both 
sides of this zone. For a good pump, the case must match the 
impeller within the high-efficiency zone of the latter. 

The case will affect the over-all performance of the pump in 
two ways: (a) through energy losses in the case itself, and (6) in 
additional energy losses induced in the impeller. Fundamentally, 
the case can affect the impeller performance only in one way, i.e., 
by varying the pressure distribution around the periphery of the 
impeller and thus producing nonuniform discharge. If the dis- 
charge is not uniform from all parts of the impeller periphery, it 
follows that there must be pulsating flow in the impeller passages, 
nonuniform entrance conditions at the eye, and presumably in- 
creased losses, both in the impeller and in the case. In this simpli- 
fied picture, the secondary effects of the impeller shrouds, the 
circulation existing between them, and the casing walls and leak- 
age losses to the suction sides are disregarded. 

From this discussion, it will be realized that a comparison of the 
characteristics of different units, made up of various types of 
cases operating with the same impeller, resolves itself into a com- 
parison of the relative matching of these cases to the impeller and 
of casing losses, both intrinsic and induced in the impeller. Fig. 1 
shows such a comparison for a series of units designated as group 
A. The first unit was designed as a single-volute pump to operate 
at a prototype speed of 150 rpm. The double-volute case was 
then constructed, using the same design methods. It was antici- 
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pated that, if everything worked out satisfactorily, the per- 
formance of the double-volute pump would be the same as that 
of the single-volute unit. The fixed-vane-diffusor case was de- 
signed around the same impeller. 

If the curves for the single- and double-volute cases are com- 
pared, a striking difference is observed in the high-capacity re- 
gion. The head curve for the double-volute case does not fall 
off as rapidly as that for the single-volute pump, and the ef- 
ficiency also remains higher. The same is true to a lesser extent 
in the low-capacity region. However, the maximum efficiency is 
about the same. Since these maximum efficiencies are high, both 
cases are very satisfactory in the region of the design point, but 
the double-volute case apparently matches the impeller charac- 
teristics better in the low- and high-capacity regions. It must be 
remembered that, because of the two passages, the double-volute 
case has a lower effective hydraulic radius and, therefore, a higher 
skin-friction loss. For this reason, the wide region of high 
efficiency is all the more surprising. 

The fixed-vane-diffusor case, operating with the same im- 
peller, shows the same high maximum efficiency observed in the 
other two cases. However, the characteristic curves are quite 
different in shape. The maximum-efficiency point comes at a 
somewhat higher capacity for the diffusor case, and this maxi- 
mum efficiency is not sustained over as wide a region. This is 
reflected in the head-capacity curve. It will be noticed on both 
sides of the design point that the diffusor-case head curve lies 
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under that of the double-volute curve. In the low-capacity re- 
gion, i.e., from zero up to 75 per cent, the efficiency of the diffusor 
is markedly lower than that of the other two cases. This is prob- 
ably the result of the discrepancy between the angle of the fixed 
guide vanes and that of the flow leaving the impeller under these 
conditions. 

Fig. 2 shows the same comparison for an entirely different set 
of cases, working with another impeller. This series of units, 
group B, was designed for a prototype speed of 180 rpm in com- 
parison with the 150-rpm speed of group A. Since the head and 
capacity are fixed, this 20 per cent increase in operating speed 
results in a 20 per cent increase in the specific speed as well, 
which corresponds approximately to a 16 per cent decrease in 
the diameters of the impeller and the base circle of the case. 


KNAPP—CENTRIFUGAL-PUMP PERFORMANCE AS AFFECTED BY DESIGN FEATURES 


The relative performances of the single- and double-volute cases 
are practically the same as those observed for group A, except 
that the single-volute pump shows its peak efficiency between 80 
and 90 per cent of design discharge. This indicates that the case 
is too small for the specified conditions. The result is that, at 
the normal operating point, the efficiency is only about 97 per 
cent of the maximum. This accounts for the fact that its head- 
capacity curve is apparently above those for the double-volute 
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type and fixed-vane-diffusor case, i.e., the steepness is obtained 
by sacrificing efficiency. The double-volute case again shows 
a surprisingly wide range of high-efficiency operation but, in 
this series, the diffusor case nearly duplicates its performance. 
However, the sharp drop in efficiency for the low-capacity region 
is again observed to be a diffusor-case characteristic. 

Choice of Operating Speed, A given pump is designed to op- 
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erate at a definite specific speed. In general, test results show 
that the unit has its maximum efficiency at this condition. How- 
ever, if the performance characteristics show a reasonably broad 
zone of high efficiency, it may be possible to secure a better agree- 
ment between the pump characteristics and the field requirements 
if a different operating speed is chosen. The effect of the choice 
of operating speed may be observed in Figs. 3, 4, and 5. Fig. 
3 shows the performance of the single-volute unit of group A 
operating at speeds of 100, 120, and 133 per cent of the design 
value. Fig. 4 presents the corresponding performance of the 
double-volute case, and Fig. 5 that of the fixed-vane pump. 

All three units show the same trend, i.e., a marked steepening 
of the head-capacity characteristics with increase in operating 
speed. A closer examination of the three sets of curves shows 
that there are apparently two causes for this increase in steep- 
ness, (a) an increase due to the normal increase in the steepness 
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of the impeller characteristic, as the capacity is increased, and 
(b) an increase in steepness due to a decrease in the efficiency of 
the case. Fig. 4 illustrates the effect of the former. It will be 
noted that, in the region of from 80 to 100 per cent discharge, 
the efficiency is high for all speeds, in fact, the lowest value is 
96.5 per cent of the maximum. Thus, the change in steepness 
for this machine must be due largely to the shape of the im- 
peller characteristics. The fixed-vane pump, Fig. 5, shows a 
larger variation in steepness, but the efficiency drops to 92 per 
cent in the same capacity range. Likewise, the single-volute 
pump, Fig. 3, shows an even greater variation in steepness, 
but the efficiency goes down to about 87 per cent of the maxi- 
mum. 

The difference between these three cases, when operated at 
the higher speed, is shown very clearly in Fig. 6. Here, the per- 
formance characteristics for the same three units, presented in 
Fig. 1, are plotted for a speed of 133 per cent of normal. At the 
design speed of Fig. 1, the head-capacity characteristic of each 
of the three cases shows about the same slope in the vicinity of 
the operating point. At the 33 per cent overspeed, however, the 
difference in steepness is quite marked. 

From these comparisons, it would seem that, in view of the 
factors so far considered, the steepness of the head-capacity char- 
acteristics can be varied appreciably by choosing the speed at 
which the pump is to operate. If the choice is limited to speeds 
within the high-efficiency range, slight loss accompanies the 
variation. The double-volute case offers the widest possibilities 
within these limits because of its broad zone of high-efficiency 
performance. If steeper characteristics than those corresponding 
to the basic impeller performance are desired, they can be ob- 
tained only through sacrifice of efficiency. It should be remem- 
bered, however, that in this investigation no attempt has been 
made to explore fully the possibility of varying the impeller char- 
acteristics themselves. 


Minor OPERATING FEATURES 


Hydraulic Balance and Radial Thrust. In the section, ‘“(Com- 
parison of Normal Operating Characteristics,” it was stated that 
the case can affect the impeller performance only by varying the 
pressure distribution around the periphery of the impeller and 
thus producing nonuniform discharge. Since this is an important 
feature for pump operation, it was thought desirable to make 
some experimental determinations of the pressure variation in 
the volute for the different types of cases. Consequently, pie- 
zometer connections were installed in the various cases—they were 
at constant radius. The piezometers for each case were spaced 
around a, circle the diameter of which was slightly greater than 
the impeller and they covered the full 360 deg. Thus, the read- 
ings from them give a good picture of the pressure distribution 
around the impeller discharge. 

Figs. 7, 8, and 9 show these measurements for the three cases 
of group B. The ordinates of all three curves are the static 
pressure at the piezometer connections, expressed in a percentage 
of the normal head produced by the pump. If the measurements 
for the single-volute pump, Fig. 7, are studied, it will be seen that 
the pressure distribution is reasonably uniform in the vicinity of 
the normal capacity; in fact, the most uniform distributions of 
those shown seem to be for the 93 per cent capacity. A glance 
at Fig. 1, shows that this is about the point of maximum ef- 
ficiency. For higher and lower capacities, the pressure distribu- 
tion is far from uniform and must affect the impeller discharge 
appreciably. 

Fig. 8 shows that, for the double-volute pump, conditions are 
quite similar except that, of course, there are two pressure cycles 
in the 360 deg of the case. It, will be noted here, however, that the 
range of pressure variation is considerably lower than in the cor- 
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responding single-volute case, although the basic design factors 
are similar. 

Fig. 9 shows that the fixed-vane-diffusor pump has an even 
lower range of pressure variation. It should be remembered that 
these pressures are taken at a diameter corresponding to that of 
the impeller, i.e., at the inner side of the guide vanes. It will be 
seen that the pressure distribution is still nonsymmetrical. This 
is presumably due to the effect of the single volute on the out- 
side of the guide vanes proper. ‘ 
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Although this pressure variation must have a very marked 
effect upon the hydraulic performance of the unit, from an op- 
erating point of view, there is an even more direct result. A non- 
uniform pressure distribution such as, for example, the one 
shown in Fig. 7, for 114 per cent Q,, indicates that there is a re- 
sultant radial thrust upon the impeller. This force must be 
taken care of in the mechanical design of bearings, case, and shaft, 
and may well be the controlling factor in the choice of shaft di- 
ameter and other important details. Failure to recognize this 
factor may result in mechanical contact of the wearing-ring 
surfaces and rapid deterioration of the equipment. 

If the pressure-distribution diagrams for the double-volute 
pump, shown in Fig. 8, are integrated over the 360 deg, it will be 
found that the resultant radial force is small, since the effect of 
each of the two volutes nearly cancels the other. This is appar- 
ently true for all capacities and represents a distinct advantage 
of this type of construction. The resultant radial thrust upon the 
impeller of the diffusor pump, Fig. 9, is much lower than for the 
single-volute, but is somewhat higher than that of the double- 
volute. However, it should present no serious design problem, 
since it is not large. 

It should be noted again that the radial unbalance of the 
fixed-vane-diffusor pump is due to the same cause that produced 
it in the single-volute pumps, i.e., the presence of the single 
volute itself. The main reason that the variation in pressure 
distribution and the resultant thrust are so much lower with the 
diffusor pump is that the flow is discharged into the volute at a 
much lower velocity than it is in the case of a single volute. If 
a fixed-vane case were designed, in which the vanes were used only 
as stay bolts and not as diffusors, high resultant radial forces 
should be expected. The importance of the investigation of these 
radial forces is illustrated by the fact that, for a good single- 
volute prototype, the unbalanced thrust is of the order of 50 tons. 
This would make illusory the feature of bearing-load elimination, 
commonly attributed to the vertical design. 

Instability. Figs. 1 and 2 show that there are discontinuities 
in the head-capacity curves for all six cases. Such discontinuities 
appear to be characteristic of centrifugal-pump performance and 
are practically always found whenever tests of sufficient accuracy 
and detail are made. These discontinuities apparently are the 
result of a change in the flow from one regimen to another. For 
different design conditions, it seems that this change in flow can 
be localized either in the impeller or in the case. In addition, if 
the change is large enough in the impeller, it may also produce 
a significant change in the flow in the case. These flow discon- 
tinuities produce unstable ranges in the pump performance and, 
therefore, good practice indicates that the operating zone should 
not approach them too closely. For example, in the present 
study, one criterion tentatively proposed is that the maximum 
operating head should be at least 10 ft (3.5 per cent) below the 
break in the curve, as it is approached from the high-capacity 
side. This appears to be a quite satisfactory margin of safety 
for units having a reasonably small change in head at the dis- 
continuity point, but may be somewhat inadequate for pumps 
having discontinuities as large as that shown by the fixed-vane 
diffusor of group A. For such pumps, it would seem advisable to 
restrict the maximum operating head to 1 or 2 per cent lower 
than the lowest value at the discontinuity region. 

It is interesting to consider that significant information can be 
obtained by comparing the discontinuity regions, as shown by 
the capacity-head curves, with the torque or horsepower curves 
for the same conditions. If the flow regimen changes within the 
impeller passages, there will be a corresponding difference in the 
amount of angular momentum imparted to the fluid and this, 
in turn, will be apparent on the torque and horsepower curves. 
Thus, it may be concluded that, if a discontinuity in the head- 
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capacity curve is reflected in the torque curve, the change in 
flow at least originates in the impeller. Conversely, if a discon- 
tinuity in the head-capacity curve is not accompanied by a simi- 
lar break in the torque or horsepower curves, the change in the 
flow probably is localized in the casing. Unfortunately, space 
does not permit the plotting of the torque curves in Figs. 1 to 6, 
inclusive. 


Cavitation Limits 


Basic Limit of Eye Design. For each given design of an im- 
peller eye, there is a relationship between capacity and inlet 
head which defines the beginning of cavitation. This basic 
limit, of course, assumes that, for all capacities, the flow has a 
normal velocity profile at the pump inlet; that the flow into the 
eye is circumferentially uniform; and that there are no tangen- 
tial-velocity components present before the eye is entered. The 
difference between the basic characteristics of various eye designs 
for the same specific speeds will depend upon the abilities of the 
designers to keep their static pressures up and to eliminate local 
high-velocity regions in the vicinity of the passage entrances. 
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For a given impeller, however, this basic eye characteristic can be 
considered as the ideal limit for good performance. In actual 
operation, it can be modified either by the entrance conditions 
in the inlet piping approaching the pump, or by the reaction of the 
case on the inlet flow. The effect of the inlet piping is, of course, 
an installation problem, and will not be considered here, but the 
effect of the case is a question of basic pump design. 

Effect of Case on Basic Limits. The effect of the case on the 
impeller characteristics has been discussed previously in the sec- 
tions, “Comparison of Normal Operating Characteristics” and 
‘Hydraulic Balance.” It was seen that, in both high- and low- 
capacity regions, the case could produce a nonuniform pressure 
distribution around the impeller discharge. This must result in a 
pulsating flow in the impeller passages. Cavitation performance 
under these conditions must differ from that of steady flow. Pre- 
vious studies at the laboratory (2) have shown that, under some 
conditions such as quite low capacity, the pressure unbalance on 
the impeller may be great enough to cause backflow from the 
case to the eye. Recent investigations also indicate that, in the 
same low-capacity region, the inlet tips of the impeller vanes may 
induce a radial-pressure difference sufficient to distort the flow 
further. It is difficult to separate these two phenomena, but to- 
gether they seem to explain the “prerotation” which has been 
observed at times in pump inlets. 

In an attempt to ascertain the effect of the various cases on 
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the cavitation characteristics of the unit, Figs. 10 and 11 have 
been prepared. In both figures, the cavitation parameter o has 
been plotted against the pump head for a series of constant ca- 
pacities during which the inlet head was continuously lowered 
until cavitation was fully developed. Fig. 10 shows the compara- 
tive performance of the single- and double-volute cases of group 
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B. It will be noted that the differences are slight, so slight in 
fact that little significance can be placed upon them. It is un- 
fortunate that no runs are available at very low capacities, since 
this is the region in which the pressure distribution around the 
impeller differs widely for the two cases. Fig. 11 compares the 
double-volute case and the fixed-vane diffusor. These units are 
also from group B, but the results are not directly comparable to 
those of Fig. 10, because slightly different impellers were used in 
the two series of tests. Here, it will be noted that for one capacity 
the fixed-vane diffusor has a cavitation performance quite differ- 
ent from that shown by all other curves. The head rises rapidly, 
as o decreases from 0.12 to 0.06. Since no such behavior is ob- 
served for either the single- or double-volute cases, it must be 
assumed that the fixed-vane-diffusor case is responsible for the 
difference. 

The following logical explanation has been suggested by D. P. 
Barnes of the Bureau of Reclamation. The capacity at which 
this deviate behavior occurs is in the region for which the dif- 
fusor-vane angles must differ from the calculated discharge angle 
of the impeller. If cavitation starts in the impeller, it may quite 
possibly produce a change in the angle at which the flow leaves the 
impeller. If this angle more nearly coincides with that of the 
diffusor vanes, then the diffusion should be more effective and, 
therefore, the pump head should rise. Thus, it is possible that 
this rising head line on the o diagram may be an indication of the 
beginning of cavitation, and hence marks a poorer rather than a 
better pump performance. 
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Selection of Operating Region. In an actual pump installation, 
the physical requirements impose many limitations upon the 
allowable operating regions of the pump characteristics. For 
example, the avoidance of discontinuity points has already been 
discussed. Freedom from cavitation is likewise necessary and 
this, in turn, is affected by the variation of inlet pressure due to 
change in reservoir level, etc. Fig. 12 presents a graphical dia- 
gram of these limitations as applied to the double-volute case 
of group B for three possible operating speeds. The limitations 
imposed are those obtained from a preliminary study of the 
Grand Coulee conditions. Limit A locates the permissible ap- 
proach to the discontinuity or instability region. Limit B bounds 
the region for freedom from cavitation, as determined by the 
point at which there is a 0.5 per cent head drop on the o curve 
(Fig. 11). Limit C bounds another cavitation parameter which is 
somewhat more complicated but which may be more satisfactory 
for certain units. The maximum and minimum operating heads 
are shown by the large crosses. The high-capacity boundary of 
the zone of permissible operation is arbitrarily defined by the con- 
dition that the efficiency has dropped to 94 per cent of the maxi- 
mum value. The zone of permissible operation is indicated by 
the cross-hatched area and, within this zone, all of the criteria are 
met. This very useful type of presentation has been developed 
by D. P. Barnes. 

It will be noted that, when the unit is operated at a speed of 
83 per cent of the design value, only the low-head high-capacity 
portion of the required operating region can be covered. To 
obtain the high head required, an increase in speed to 90 per 
cent of the design value is necessary but, if this speed variation 
is permissible, the entire operating region can be covered satis- 
factorily. Conditions at the design speed are somewhat similar 
except that, to meet the high head condition, a speed increase to 
only something over 103 per cent is required. Operation at a 
speed of 111 per cent, however, permits the entire operating 
range to be obtained within the zone of permissible operation at 
constant speed. 

Fig. 13 shows a similar diagram for the fixed-vane-diffusor 
pump of group B. Here, however, it is seen that, over a range of 
from 100 to 118 per cent of design speed, it is impossible to find 
any combination of constant- or variable-speed operation which 
will cover the desired range and yet meet the limitations imposed. 
It will be noted that in this unit the most serious deviation from 
limitations is from the “limit B” cavitation parameter. 


TuRBINE OPERATION FOR STEADY AND TRANSIENT 
ConDITIONS ‘ 


One of the characteristic features of a pump installation is 
that transient conditions are quite commonly encountered under 
which the pump is called upon to operate as a turbine. Thus, for 
example, if the pump is operating normally and power should 
fail, unless there is a check valve in the line, the unit will slow 
down, reverse, and come up to runaway speed as a turbine, thus 
passing through the region of pump operation, a region of com- 
plete energy dissipation, and through the entire zone of turbine 
operation. In the design of large pump installations it is, there- 
fore, very important for the plant designer to know the charac- 
teristics of the machines over the entire range of operating possi- 
bilities, in order that adequate provision may be made for maxi- 
mum shaft torques, pressure surges, centrifugal forces, etc. 

Complete Characteristic Diagrams. One of the first investiga- 
tions of this complete range of pump operation was made by 
Kittredge and Thoma (3). It is convenient to present this in- 
formation on a single diagram (4). Figs. 14 and 15 are two such 
diagrams for the single- and double-volute pumps, respectively, 
of group B. It will be noted that families of constant-head, con- 
stant-torque, and constant-efficiency lines are plotted against co- 
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ordinates of capacity and speed. The performance of the unit 
at any constant speed is given by the intersection of these families 
of contours with a vertical line passing through the speed chosen. 

Turbine Runaway Speed. The runaway speed of the unit, 
when operating as a turbine, is given by the intersection of the 
zero-torque line in the turbine region with the head curve corre- 
sponding to the pressure across the pump for that particular con- 
dition. For short pipe lines of ample proportions, this head is 
nearly the same as the pumping head since, under these condi- 
tions, the friction losses would be quite small. If the runaway 
speed exceeds the operating speed by a sufficient margin, it may 
be the controlling factor in the structural design of the impeller. 
Since the absolute value of this runaway speed is constant for a 
given unit operating under a given head, its value relative to the 
operating speed is determined by the choice of the latter. This 
can easily be seen by referring to Fig. 14. Consider that the 
normal operating head is represented by the 100 per cent head 
line. For the Grand Coulee installation, the maximum possible 
head which can cause turbine operation is about 120 per cent. 
The 120 per cent head line intersects the zero-torque line in the 
turbine zone at a negative speed of about 135 per cent. With a 
runaway speed of 35 per cent above that of normal operation, 
the impeller stresses may become quite serious. However, if it 
were decided that more suitable characteristics could be obtained 
by operating as a pump at 120 per cent of the design speed, then 
the runaway speed would exceed that of normal operation by 
about 12 per cent. 

Turbine Operation for Possible Peak-Load Power Development. 
The Grand Coulee pumping plant of course is only a part of the 
total Grand Coulee project. A major function of the latter is 
power development. One of the problems always confronting a 
power project is the provision of sufficient capacity to meet peak- 
load demands. Therefore, the possibility has been suggested of 
using the pumping plant as a peak-load power supply by allowing 
the water to flow back from the upper reservoir, thus operating 
the pumps as turbines and the synchronous motors as generators. 
It will be noted in both Figs. 14 and 15 that these units have 
zones of very high efficiency in the turbine region, practically 
identical with the maximum efficiency obtained as pumps. Since 
the power must be supplied at constant frequency, it is necessary 
that the speed of turbine operation be the same as that of the 
pump. It is, of course, desirable to get as much power as possible 
from the turbines. However, the zone of turbine operation is de- 
termined by the selection of the pump operating speed. 

For example, if in Fig. 15, the pump is considered to operate 
at 100 per cent speed, the torque and therefore the horsepower 
available in the turbine region will be 75 per cent of the corre- 
sponding values for the pump. For the high-head condition, i.e., 
for 120 per cent head, the turbine output will go up to about 110 
per cent of the normal pump input at 100 per cent head. If, how- 
ever, a normal operating speed of 111 per cent is selected for the 
pump, as was shown to be desirable in Fig. 12, conditions are 
quite different. Now, it will be observed that the normal torque 
input to the pump is 130 per cent for the low-head condition and 
about 120 per cent for the high-head condition, whereas, the 
corresponding turbine operation shows a torque of only about 
35 per cent for the low-head condition and about 85 per cent for 
maximum-head. ‘These values must be corrected to the new 
reference of 130 per cent, which was the input torque to the pump 
under normal head conditions. On this basis, the turbine out- 
put varies from 27 to 60 per cent of the power input to the pump 
at normal operating head. This output would appear to be so 
small as to be of doubtful value for a peak-load power supply. 


The trend, indicated by these examples, appears to be general, 


i.e., for a given design, if the operating point as a pump is located 
at a relatively low capacity, the operating speed will be low, the 
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turbine capacity will be high and the runaway speed will be high; 
whereas, if the operating point is chosen at a relatively high ca- 
pacity and speed, the turbine capacity and the runaway speed 


} will both be comparatively low. Thus, one more factor is added 


to the complicated set of requirements involved in the choice of 
the proper unit for the given installation. 

Transient Behavior. The transient behavior of a pump is a 
function not only of the pump characteristics, but also of the 
pipe-line characteristics and other hydraulic and inertia features 
of the entire installation. The prediction of transient behavior 
has been briefly discussed in one of the previous references (4). 
Figs. 16 and 17 show typical transient characteristics for the 
double-volute pump of group B. These were computed by the 
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Group B 


(Calculation for power failure when operating at 100 per cent speed 
and normal-head conditions.) 
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Fic. 17 TRANSIENT CHARACTERISTICS OF DovuBLE-VOLUTE Pump, 
Group B 


(Calculation for power failure when operating at 117.5 per cent speed 
and extreme high-head conditions.) 


use of the Bergeron graphical method of water-hammer calcula- 
tion (5) with the data from the laboratory for the complete pump 
characteristics. 

Fig. 16 shows the performance following power failure when 
the pump has been operating at normal head and speed. Fig. 17 
gives the corresponding characteristics for the extreme high-head 
condition, with the pump operating at 118 per cent of design 
speed at the time of power failure. For both conditions, it will 
be noted that the head fluctuations are quite moderate and pre- 
sent no problem. On the other hand, it is somewhat startling 
to imagine a 65,000-hp unit changing from a normal pump, Op- 
erating at full speed in one direction, to a turbine operating at 
runaway speed in the other direction in an elapsed time of only 
26 to 28 sec. The torque curves show that the maximum shaft 
stresses increase to 40 per cent above the normal operating value. 
The runaway speeds correspond closely to those already dis- 
cussed. 

Fig. 16 indicates that the unit operation remains in quadrant 
IV for as much as 10 sec. This is a region of complete energy dis- 
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sipation, since energy is being poured into the machine through 
the deceleration of the rotating mass while, at the same time, 
energy is being given up in the machine by the fluid flowing 
through it. Little is known about cavitation conditions in this 
region, aside from the fact that they are apparently quite serious. 
It is felt that quadrant IV operation offers a fruitful field for 
further investigation. 


SuMMARY OF RESULTS 


Limitation of Program. Before summarizing the results, it 
should be re-emphasized that, although this investigation has 
shed some light on a few of the factors involved in the selection of 
the type and design of pump to meet particular needs of a given 
installation, the amount of information is still very meager. 
Many possibilities of casing design remain to be explored. Cavi- 
tation limits are yet too empirical in character, and the possi- 
bilities of obtaining more desirable performance for a given in- 
stallation through changes in the impeller design are barely 
touched. 

Operating Characteristics and Speed. The over-all performance 
of a pump, using a given impeller, is greatly affected by the case 
design. For a given type of case, the characteristics may be 
varied considerably by the choice of the point at which the case 
“Sts” the impeller. Of the three types of cases studied, the 
double-volute type appears to give the widest high-efficiency 
range. 

A well-designed impeller has a fairly wide range of speeds over 
which it will operate satisfactorily when delivering against a 
given head. A proper choice of case “fit”? therefore will result in 
a unit having the desired operating speed. For a given combi- 
nation of impeller and case, the head-capacity characteristics 
can be ‘‘steepened”’ by choosing the operating point at a relatively 
high capacity and speed. If a head-capacity steepness greater 
than that of the basic impeller performance is desired, it can be 
obtained only by the sacrifice of efficiency, i.e., by pushing the 
operating point to a capacity out beyond the zone of maximum 
efficiency. This is equivalent to using a casing too small for the 
desired capacity. 

Hydraulic Balance and Radial Thrust. Within the zone of 
maximum efficiency, the fit of the case to the impeller is usually 
satisfactory enough to produce a relatively uniform pressure dis- 
tribution around the impeller discharger. Therefore, operation 
in this zone is accompanied by little or no radial thrust. Opera- 
tion at higher or lower capacities distorts this uniformity and re- 
sults in radial thrust. The resultant force on the impeller and 
shaft is highest for the single-volute case. The fixed-vane-diffusor 
construction greatly reduces the magnitude of the force and it is 
eliminated by a well-designed double-volute casing. 

Instability. Discontinuities in the head-capacity character- 
istic seem to be an inherent feature of centrifugal pumps, or at 
least of high-efficiency ones. These discontinuities probably are 
due to changes in the flow regimen, either in the impeller or case. 
They often limit the extent of the satisfactory operating range. 
The closeness with which they may be approached is presumably 
a function of the magnitude of the discontinuity. 

Cavitation. Cavitation is an impeller phenomenon and is rela- 
tively insensitive to casing design. However, severe unbalance 
of the pressure distribution around the impeller discharge may 
change the cavitation conditions. Cavitation usually produces 
a change in the head-capacity characteristic. In general, the 
head is lowered, but under some circumstances it seems that it 
may be first increased. Cavitation forms one of the major limi- 
tations in determining the zone of satisfactory operation. If, in 
order to obtain other desirable characteristics, the operation 
point for a given impeller is chosen some distance away from 
the design point, it may be necessary to modify the eye design to 
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secure satisfactory cavitation elimination. As yet, no satisfac- 
tory quantitative determination of the inception or degree of 
cavitation has been developed. 

Turbine Operation. In general, a centrifugal pump can be 
operated very satisfactorily as a turbine and, over a limited 
range, with an efficiency equal to the best performance as a pump. 
In special cases, it may be feasible to utilize this possibility to 
supply a peak-load power demand by reversing the flow and 
operating the pump as a turbine and the motor as a generator. 
If this is to be done, careful consideration must be given to the 
design of the unit, since the selection of the pump operating 
point determines the turbine performance as well. The condi- 
tions for securing the optimum pump characteristics, turbine 
operation, and low runaway speed are usually not compatible, 
and therefore the relative value or the different elements of the 
performance must be evaluated carefully. 


CoNCLUSION 


Although this study was designed to answer specific questions 
covering the selection of operating features for the pumping units 
to be installed at the Grand Coulee project, the results obtained 
are somewhat more generally applicable than might be expected. 
It is anticipated that, in the future, there will be more and more 
demand for hydraulic units, both pump and turbine, the charac- 
teristics of which are particularly adapted to the installation re- 
quirements, and it is felt that studies of the kind herein reported 
offer the most reliable means of securing the desired result. 
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Development of a Major Principle in 


Pulverized-Coal Firing 


By FRED L. DORNBROOK,! MILWAUKEE, WIS. 


Positive avoidance of the plastic-ash phase at all sur- 
faces bounding the furnace has required emphasis upon 
heat-absorption performance of furnace surfaces. Evolu- 
tion of the present-day furnace, which is practically self- 
cleaning, reliable, of high efficiency, and can operate con- 
tinuously month after month under variable conditions 
of coal, load, and attendance, is treated in the paper from 
its inception in Milwaukee during 1918 to the present new 
installations of the author’s company. 


ging” problem and furnace heat absorption, constitute a 
basic principle in pulverized-coal firing, 
the theme for this paper: 

“Tf the refuse is to be removed easily, the bottom of the furnace 
must be kept below the temperature at which ash becomes 
sticky.” 

“A better way of keeping the furnace temperature.....--- 
slightly below that of the running lagen is to expose a 
large amount of boiler heating surface to radiation from the 
furnace.” 

These statements were made in a bulletin? which covered an 
investigation of powdered coal as fuel at the Oneida Street Sta- 
tion in Milwaukee (now called East Wells Street Station), where 
experimental work had been carried on for some months. 

A major problem in burning pulverized coal concerns the in- 
combustible portion of the coal, namely, the ash. If the ash 
could be removed from the coal before firing, an enormous simpli- 
fication of the combustion process would occur. Almost every 
element in the boiler plant would be affected favorably. Thus a 
minor constituent of coal requires the major attention of the 
designer and operator. 


Te following 20-year-old conclusions, concerning the “‘slag- 


and also furnish 


Tur FURNACE TEMPERATURE SCALE 


Fig. 2 was prepared to show graphically the general conclusion 
that the ash problem dictates that over 50 per cent of the total 
heat absorption must occur in many furnaces of modern design 
if ash-slagging problems are to be avoided. 

In an all-brick furnace, having no heat-absorbing surface, a 
theoretical temperature of 3700 F would be reached. ‘This 
assumes 16 per cent CO: (15 per cent excess air) and 600 F pre- 
heated air. This temperature is 1400 F above the 2300 F ash- 
softening temperature of average Pennsylvania coal. 

The flue gas or products of combustion must be cooled from 
3700 F to 800 F by the water and steam surfaces before entering 
the air heater. This is a total of 2900 F of cooling and, since the 
specific heat of the gases varies only slightly over the temperature 


1 Chief Engineer of Power Plants, Wisconsin Electric Power Com- 
pany. Mem. A.S.M.E. 

2“*An Investigation of Powdered Coal as Fuel for Power-Plant 
Boilers,’ by H. Kreisinger, John Blizard, C. E. Augustine, and B. J. 
Cross, U. S. Bureau of Mines, Bulletin No. 223, 1923. 

Contributed by the Power Division and presented at the Semi- 
Annual Meeting, Milwaukee, Wis., June 17-20, 1940, of TH= AMERI- 
cAN Socimty or MmcHANICAL ENGINEERS. 

Norn: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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range, the furnace must Oso) ———— 
2900 F 


net absorption to lower the furnace exit temperature below the 
ash-softening temperature. Actually over 50 per cent should be 


or 48 per cent of the total 


Fre. 1 Hisroric PULVERIZED-FUEL BOILERS 


(Tests of boiler No. 5, in foreground, were subject of Bureau of Mines 
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(Showing that over one half of heat absorption of modern boiler units must 
occur in furnace if ash-softening temperatures are not to be exceeded at 
boiler entrance.) 
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TRENDS OF FURNACE HEAT ABSORPTION IN MILWAUKEE BOILER UNITS 


(Showing reduction of furnace exit temperatures, in spite of larger sizes, by greater furnace heat absorption) 
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TABLE 1 
—— Oneida St.——. 
Without With 
water water 
Item screen screen 
Pe EAT OPETALCG. VEAL siaciel-terarcle intern, sestetcra vlan eretsnny oy 1918 1920 
2 Steam output (design max) lb perhr.......... 18000 23000 
3) Hest input, million’ Btw per bri... ee demienas 24.1 381.2 
4 COd2zat boiler outlet, per cent...............0: 14 15 
5 Efficiency, over-all, per cent............-.-.55 79.7 78.8 
Heat-absorbing surface, sq ft: 

6 Boiler, convection surface................000- 4680 4680 
7 Furnace, radiant surface?...............-.5.. 101 171.0 
8 Economizer, convection surface.............0. 0 0 
9 Air heater, convection surface................ 0 0 
10. HKurnace-volume, culttqosncsacseiee chine ee 1608 1463 
11 Btureleased per hr per sq ft of furnace surface®. . 238000 182000 
12 Btureleased per hr per cu ft of furnace volume... 15000 21300 
13 Average ash-fushion temperature, F.......... ’ 2300 2300 

14 Average furnace temperature (calculated maxi- 
MUMUVOULHUE)), LH tech otevelers) clave Shere eeieereteieeiete 2350 2350 


Lakeside 
Boiler Port 
room Wash- East 
Boiler Boiler No. 3, ington, Wells St., 
room room boiler . boiler boiler Commerce St., 
No. 1 No. 2 No. 19 No. 1 No. 16 boiler No. 25 
1920 1923 1928 1935 1938 1941 (scheduled) 

80000 131200 300000 690000 225000 375000 

110.0 183.5 430 890 326 470 

13 15.5 14.5 14.25 14.8 15 

87.5 88.8 85.7 86.0 85.3 86.1 

13057 17650 23640 44087 13500 24000 

618 1324 5338 9748 4609 6391 

7603 14256 0 0 0 

0 23640 121000 52300 66500 

6450 11650 29780 61300 19951 30500 

178000 138000 80500 91500 70500 73500 

17000 15700 17800 14500 16300 15400 

2150 2150 2150 2250 2250 eels 
2100 2100 2000 2100 1950 2000 


@ Includes projected surface of boiler tubes and superheater surfaces corrected to equivalent water surfaces. 


provided to have some margin to cope with operating conditions 
and contingencies. 

This example indicates that low excess air and high temperature 
of air preheating require greater heat absorption in the furnace, 
if ash problems are to be avoided. Air preheaters are being used 
in many plants in place of economizers since higher steam pres- 
sures are causing more extensive use of extracted steam to heat 
feedwater. The heat absorbed in the air heater will raise the 
furnace temperature unless the designer has provided for in- 
creasing heat absorption in the furnace. 

Larger steaming capacities of boilers naturally have placed 
emphasis on the ash problem because the furnace heat-absorption 
area does not increase as rapidly as does the furnace volume when 
boiler outputs are increased. Doubling of furnace dimensions 
normally increases furnace volume 8 times but available water- or 
steam-wall area is increased only 4 times. Thus larger boiler 
units tend to have hotter furnaces unless the volumetric rate of 
combustion is decreased proportionately. 


MILWAUKEE EXPERIENCES 


Table 1 summarizes Milwaukee experience in this regard, 
starting with the small Oneida Street units, including the large 
Port Washington boiler unit, and ending with the Commerce 
Street installation now under construction. It shows: 


Port Washington 
(See item 2 of 


1 The large increase in size of boiler units. 
output is 30 times that of Oneida Street units. 
Table 1.) 

2 Retention of low furnace temperatures to a point below 
ash-softening temperature. (See item 14.) 

3 Decrease of excess air, increase of air preheat, more furnace 
cooling, and uniformity of Btu per cu ft per hr heat release. 

4 Decrease of Btu release per hr per sq ft of furnace heat- 
absorbing surface to about 1/; of early practice. 


Comparison of items 13 and 14, Table 1, will show that, at 
maximum rated output, the furnace exit temperatures of the 
Lakeside units are about 50 F below ash-fusion temperatures. 
Since these units serve topping turbines and normally operate at 
83 per cent of maximum rated output, it can be said that extensive 
experience with these four large units urges that furnace exit 
temperatures be limited to 200 F below ash-softening tempera- 
ture, for normal operation. 

Ever since Lakeside fuel changed in 1934 from Pennsylvania 
and West Virginia coal to southern Illinois coal, experience with 
this matter of maintaining a margin against slagging of boiler 
inlet tubes has been accumuiated. Excess air required slight in- 
creases, cleaning methods were studied and, in general, operation 


LAKE SIDE NO 2-/923 


ONEIDA STREET /9/8 LAKESIDE NO./ -/920 


ra 


PORT WASHINGTON-/935 fAST WELLS-1938 


LAKESIDE NO I -1928 


Fre. 3 Evouution or Furnace Coournc or Minwavuxer BoiLer 
Units 


(Showing relative size, extent of brickwork, and ‘cold’ surfaces [in black], 
and illustrating definite trend toward greater furnace heat absorption.) 


had to be more carefully conducted in order to sustain load- 
carrying reliability. The more recent installations in subsequent 
stations have been provided with a greater margin before trouble- 
some slagging can occur. 

The “furnace exit temperature” at Lakeside and in subsequent 
stations is actually about 200 F above the boiler inlet tempera- 
tures and is measured by high-velocity thermocouples. Calcula- 
tions are made for this furnace exit temperature at the location 
where the gases enter the triangular portion above the arch level 
Fig. 3, in order to correlate the calculated heat-transfer rates with 
an extensive experience of radiant superheater transfer rates. 
When it is borne in mind that gases are reduced about 200 F in 
this triangular section, one realizes from Lakeside experience that 
boiler-inlet-gas temperatures 200 to 300 F below ash-softening 
temperatures afford scant margin against first-pass clogging. 


Hisrory or Mrnwavuxker INSTALLATIONS 


The original experiments at Oneida Street were conducted on a 
4680-sq ft water-tube boiler in 1918. The management of The 
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Milwaukee Electric Railway and Light Company (now Wisconsin 
Electric Power Company) encouraged the application of pul- 
verized coal to this boiler. They considered it a good business 
risk to place the boiler at the disposal of the operating crew for 
experimental purposes feeling that, even under these conditions, 
the boiler would be available when needed. Almost endless ex- 
periments and tests were made before a furnace of the proper 
design was developed; in fact, one furnace was rebuilt five times 
before obtaining a satisfactory shape and volume. 

The water screen played an important role in arriving at an 
acceptable furnace performance in this original pulverized-coal 
unit. To quote the Bureau of Mines Bulletin:? “The first 16 
tests showed the impossibility of running the furnace with low 
excess air without the ash fusing at the bottom of the furnace. 
Consequently experiments were made with a water coil or screen 
to cool the bottom of the furnace. This coil, by partly screening 
the bottom from the radiation of the flame and by absorbing 
radiation from the bottom, kept the temperature of the bottom 
below that of the fusion point of the ash. Screen No. 5 in Fig. 
13 was most effective in preventing troublesome slag at high 
rates of combustion and with low excess air.” 


LAKESIDE STATION 


At Lakeside, where the second application of dry-ash furnaces 
was made, the slag problem was largely overcome by the installa- 
tion of so-called water screens in all furnaces. These screens were 
connected into the circulating system of the boiler by means of 
vertical risers. It was in this installation, too, that a radical de- 
parture from the convection type of superheater was attempted 
through the introduction of the then new radiant-heat-absorbing 
superheater. In 1923, John Anderson, in a technical report® on 
the subject stated: “In view of the keen interest manifested 
toward the furnace problem, the advent of this type of super- 
heater on a commercial scale happens at an opportune time. It 
seems to be the consensus of opinion of many of the foremost 
power-plant engineers that the ultimate solution of the present 
furnace problems will be in steam- or water-cooled furnace walls. 
The installation of the water screen and the radiant-heat super- 
heater seems to confirm the existence of a tendency toward steam- 
and water-cooled furnace walls.” 

Tt is natural that the developments in the first two of Lake- 
side’s boiler rooms should become part of the design for its third 
boiler room. It is here that Lakeside’s four 1300-lb boilers are 
located. Dry-ash furnaces with radiant superheating surfaces 
were again the order. Each of the four high-pressure boilers 
serves a topping turbine of 7700-kw capacity, all of which exhaust 
at constant pressure to the plant’s 300-lb header after the steam 
passes through reheaters, located within the individual boilers. 

The temperature of steam exhausting from the topping turbine 
inereases with decreasing load, thereby requiring a reheater of 
convection characteristics to obtain a uniform outlet tempera- 
ture over the operating load range. Asa result, radiant reheating 
is not required. Radiant superheating surfaces, however, are 
used in the side walls of these furnaces with waterwall surfaces 
in front and rear. 


Port WASHINGTON STATION 


In the Port Washington boiler, which is the largest on the 
Milwaukee systém, the opportunity existed for using a radiant 


3“The Use of Pulverized Coal Under Central Station Boilers,” 
by John Anderson. Paper presented before the Technical League of 
the Employes Mutual Benefit Association, The Milwaukee Electric 
Railway & Light Company, Milwaukee, Wis., February, 1920. Be- 
cause of its historic value in the art of combustion, this paper has 
been reprinted by the Combustion Engineering Company, Inc., New 
York, N.Y. 
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Fig. 4 CLBANLINESS IN Spite or LARGE OutTPuT 


(With an output of 690,000 lb per hr, the Port Washington unit does not 

cause slagging troubles because of adequate heat-absorbing area. The con- 

dition of the furnace without cleaning, after a 6-months’ continuous run at 
normal output of 465,000 lb per hr, is shown herewith.) 


reheater surface advantageously. This resulted from a combina- 
tion of uniform throttle steam temperature over a wide load 
range and compound-turbine operation. The upward steam- 
temperature trend of the radiant surface at lower loads fits well 
with the lowered outlet steam temperature from the high-pres- 
sure section of the turbine, thereby permitting the maintenance 
of a uniform reheater outlet temperature over the same wide 
load range. Incidentally, this inherent control of reheated-steam 
temperature has aided materially in maintaining high thermal 
efficiency in the plant month after month. The placing of the 
steam-cooled surface in the furnace wall has not only aided in 
retaining the desired low furnace temperature but has also re- 
sulted in a gain to the plant in thermal efficiency. 

As steam pressures increase, reheating becomes more necessary 
to the economical operation of the steam cycle. This influence, 
together with the trend toward higher steam temperatures directs 
attention toward radiant steam surfaces, because they become 
increasingly more important as superheating and reheating 
mediums. The low-temperature furnace with its greater wall 
areas permits installation of radiant superheating and reheating 
surfaces and thus points the way toward further progress in the 
art of steam-power generation. 


Fur, VERSATILITY AND RELIABILITY 


The ability to change from one coal to another to permit econo- 
mies in the purchase of coal when price differentials change has 
long been a goal sought by boiler-plant owners. A versatile fur- 
nace which is not affected by a change in the constituents of coal, 
such as occurs when changing from a so-called high-grade coal 
to a low-grade coal, is of inestimable value. At Lakeside, for 
instance, the coal situation changed decidedly and rather sud- 
denly during the depression. Eastern coal had been the most 
economical, but when midwestern operators began producing 
coal in large quantities and offering it at attractive prices, the 
economic picture changed. Tests in Lakeside’s furnaces indicated 
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i ticular boiler-loading schedule nor reduce boiler-unit availability is shown. See Fig. 6 for outline of this me- 
(A method that does not require any particular boi ees Eee udiiranoe NoniGEIne on 


that the new coal could be burned without difficulty and without 
undue added costs. On the basis of the tests, the change was 
made in 1934. Since that time, Lakeside has made appreciable 
annual savings, even after allowing for increased costs incurred 
by the poorer quality of the coal (ash disposal, etc.). This is 
tangible evidence of the value of a versatile furnace. 

Reliability is an important factor in producing low over-all 
costs and its value cannot be overemphasized. The four high- 
pressure boilers at Lakeside have an availability record of 94.2 
per cent over a 9-year period in spite of an average of 15 stops 
and starts per month. The Port Washington boiler has operated 
at an availability of 93.9 per cent over a 4.1-year period, Table 2. 


TABLE 2 AVAILABILITIES OF FIVE 1300-LB BOILER UNITS FOR 
SEVERAL YEARS 


(A total of 40 boiler years’ experience at an average availability of 94 per cent 
attests to the point that moderate furnace temperatures are conducive to 
high reliability) 


Lakeside, average of Port Washington, 
Year 4 boilers, per cent 1 boiler, per cent 
1931 92.0 
1932 93.8 
1933 97.6 
1934 94.0 are 
1935 95.3 1004 
1936 93.0 91.1 
1937 95.0 93.0 
1938 93.0 97.5 
1939 93.9 93.4 
Average (weighted) 94.2 93.9 


2 Started November 22, 1935. 


These reliability records have been obtained on boilers having 
moderate furnace temperatures. 


EFFiciency ASprcts 


Consistently holding to optimum efficiency conditions for the 
many different operating situations experienced in typical plant 
routine is possible with the type of furnace under discussion. 
Change of coal, unusually high or low load, disability of a portion 
of auxiliaries which affect the furnace, or trouble with regulating 
superheat temperature, and several other situations that can 
cause expenditure of extra fuel with less versatile furnaces, affect 
the dry-ash furnace comparatively little. With favorable burners 
and proper air admission, combustion at low ratings is stable and 
efficient. 

While it may be possible to operate a hotter furnac 
many of the conditions mentioned without sacrifice of economy, 
provided special attention is given, it is usually necessary to 
compromise for the sake of reliability. When a boiler unit is 
needed definitely for daily peak loads, its operators will not take 
a chance of rendering it unavailable for the peak. A positive 
margin against clogging the first pass of boiler tubes, for instance, 
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must be provided continuously. Many boiler troubles are 
cumulative and, once they start, are difficult to arrest unless 
load can be reduced. 

It is not what a boiler unit can do under special test, but what 
its operators actually get from it over a period of several years 
that is the criterion of boiler-unit efficiency. From available 
data, there appears substantiation of the premise that dry-ash 
furnaces are conducive to high sustained efficiency. 


Lonc-Timz MaInTENANCE ASPECTS 


It appears probable that furnace-maintenance costs increase in 
proportion to furnace temperatures, even when brickwork de- 
terioration is disregarded. It has been found by experience that 
long-time service in furnace duty will cause maintenance which 


- would not be anticipated even upon careful inspection after a 


year of operation. 

When steel absorbs heat at the rate of 50,000 Btu per sq ft per 
hr, there is a 200-F temperature difference per in. of thickness 
perpendicular to the plane of absorption. This causes stresses 
of considerable magnitude. When this occurs, at least in the case 
of integral extended surfaces, minute cracks may start in a year 
or two, and then tenaciously travel without limit, even into the 
inside of the tube itself. Steel at high rates of heat transfer be- 
haves like masonry at low temperatures; short-time service is no 
guarantee against long-time freedom from destructive cracking. 

If several furnace tubes fail on different occasions from the 
same trouble, then all similarly affected tubes, even those de- 
teriorated to a much lesser degree, must be replaced. Less drastic 
maintenance was possible in the days of many small boiler units 
serving one turbine, but present-day practice requires that boiler 
units be kept at peak reliability at all times. Cases are known 
where forced outage of one boiler caused prompt outage of other 
boilers operating in parallel because the assumption of the high 
load caused similar trouble. Operators, who have experienced the 
distress of troubles that become cumulative, thereafter try hard 
to avoid their cause. 


Dry-Borrom Versus Dry-AsH FURNACES 


There is a difference between a dry-bottom furnace and a dry- 
ash furnace. Dry-bottom furnaces have experienced serious fall- 
ing of enormous accumulations of dense slag from upper parts of 
the furnace onto screen tubes or floor tubes. The dry-ash furnace 
permits of no destructive nor outage-provoking accumulations 
at any point, not even on brickwork. Attachment of ash is so 
fragile that the light honeycomb deposits fall when reaching a 
few pounds weight. 


SupERHEAT-TEMPERATURE CONTROL 


Variations in ash deposits will present a problem of steam- 
temperature control in boiler units of the future, where heat ab- 
sorbed by superheating surfaces may exceed 50 per cent of the 
total heat absorbed by the entire unit. The dry-ash furnace is 
not entirely free from ash deposit but the variations in ash de- 
posit will not cause a severe problem in control of superheat 
temperature. 

Economics OF FURNACES 


Wet-ash furnaces are chosen frequently because of minimum 
installation costs. Space limitations often require the use of 
small furnaces; in fact, many have been installed between the 
same building columns used for older units of less output. 

Boiler-unit reliability has a decided bearing upon total invest- 
ment costs and operating costs. Savings due to furnace size are 
lost if the design lacks reliability and requires more spare boiler 
units. It is felt that too much emphasis cannot be placed upon 
reliability. 
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CONCLUSIONS 


This paper shows how the present-day furnace in Milwaukee 
has been evolved from the original pulverized-fuel furnace in 
1918, and traces the development of a major principle in pulver- 
ized-fuel firing. 

In order to prevent ash from sticking to the inside surfaces of 
any furnace, these surfaces must be designed to cool properly 
the ash below its plastic state. 

Experiences and data are presented indicating that a practical 
solution of the so-called “slagging problem” consists of designing 
boiler furnaces for such appreciable heat absorption that gases 
are approximately 200 F below ash-softening temperatures when 
entering the first rows of boiler tubes. 


Discussion 


J. M. Drasetin.! The Milwaukee Electric Railway and 
Light Company and the late John Anderson are two names which 
will always be inseparably linked together in the commercial de- 
velopment and use of pulverized-coal firing in large power boilers 
in this country. 

The fundamental principles established by that company and 
by Mr. Anderson are as applicable today as when they were es- 
tablished. Making use of such principles, the topping unit at the 
Cedar Rapids Power Station of the Lowa Electric Light and 
Power Company is of interest. 

The boiler has a nominal maximum rating of 300,000 lb of 
steam per hr at a temperature of 750 ¥ and a pressure of 750 psi 
gage. The coal fired is from the Illinois strip-mine fields and has a 
heating value of 10,100 Btu, moisture content 18.3 per cent, an 
ash content of 10 per cent, and a sulphur content of 2.9 per cent, 
the ash having a fusion point of approximately 1900 to 2000 F. 

The boiler unit and waterwalls were furnished by the Spring- 
field Boiler Company, Springfield, Il. The furnace is unique in 
that it is divided into two sections separated by a vertical water- 
wallin the center. ‘This wall is of the open type and is made up 
of two banks of tubes, one bank each per furnace section. The 
total water surface of the sidewalls of the furnace based on 
projected area is 4315 sq ft. The total water surface facing the 
fire, including the first row of boiler tubes and the V-bottom ash- 
pit tubes, is 4810 sq ft. The total cubic volume of the two fur- 
naces is 15,385 cu ft. Including the V-bottom ashpit section, 
the total is 16,125 cu ft. 

The principal dimensions of each section of the furnace are 
width 12 ft 8in.; depth 19 ft 6 in.; height, from upper section of 
V-bottom ash section to first row of steam-generating tubes of the 
boiler, 31 ft 9 in. 

The performance of this furnace with pulverized coal has thor- 
oughly proved the accuracy of the author’s conclusions, i.e., heat-. 
absorbing surface is so arranged as to avoid hot-gas-flow sections 
entering the tube bank of the boiler with consequent fouling, 
bridging, and other difficulties typical of some furnaces. 

Fach section of the furnace at the nominal rating of the boiler 
is fired by two pulverized-coal burners handling 9.2 tons of coal 
per hr per furnace section. There have been no troublesome de- 
posits of any kind; such deposits as have appeared on the side- 
wall tube bank are of the light, fragile, honeycomb type as de- 
scribed by the author. There has been absolutely no objection- 
able smoke or other troubles due to this comparatively cold fur- 
nace. 


J. B. Jonnson.s From the viewpoint of the inspecting engi- 


4 Consulting Engineer, Iowa Electric Light and Power Company, 
Cedar Rapids, Ia. 
5 Engineer, The Travelers, Milwaukee, Wis. 
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neer, it can be mentioned that there is another factor affect- 
ing the economy of operation of boiler units of the type de- 
scribed by the author. Observation over a period of years has 
developed the conclusion that a distinct reduction in time of 
outage, either scheduled or forced, is obtained by dry-ash-furnace 
operation. The limiting factor for cooling speed under fan con- 
trol has been found to consist almost entirely of an hourly tem- 
perature drop that is not so great as to be unfavorable to the tube 
joints in the drum. 

Access to the interior of the furnace and boiler passes being 
appreciably hastened by this factor, it is evident that the avail- 
ability percentage is less affected by the outages for inspection 
and maintenance, whether scheduled or otherwise. 

There is still another item on the favorable side from the stand- 
point of the inspecting engineer. At the most, there is a light 
“whisker ash’”’ which is easily removed, and the bare surfaces are 
exposed for easy and rapid examination. This again means a 
saving in outage time and, not only can the inspections be made 
more rapidly, but their quality is enhanced. 


«5 
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In these days when the color of the metal surfaces has a dis- 
tinctive message for the inspection engineer, a rapid method of 
securing a clean surface is indeed appreciated. In the case of the 
dry-ash furnace, all that is required to secure a truly bare sur- 
face is a light water wash, atomized with compressed air. 

Summing up, it can be stated that this type of furnace has in- 
herent advantages favoring the availability percentage, due to a 
decrease in time for cooling the furnace, resulting in quicker at- 
tainment of temperatures at which inspection and maintenance 
operations may be conducted with less time and labor being re- 
quired for making ready for these operations. 


AvutTHoR’s CLosuRE 


Use of a dividing wall in the furnace reported by Mr. Drabelle, 
in order to cool it sufficiently for trouble-free operation with 
unusually poor coal, is certainly of interest and of significance. 

Mr. Johnson’s appropriate remarks suggest that better in- 
spection possible with the dry-ash furnace assists in realization 
of higher reliability. 


Steam Locomotives—Notes on Ages and 


Proportions, With Suggestions 


for Improvements 


By J. L. RYAN,! SPRINGFIELD, MO. 


Locomotives are often built and maintained in kind for 
their service life, renewal parts being made according to 
their original design, whereas at but little if any additional 
_ cost, they might be renewed to modern design and propor- 
tions. In this paper the author discusses the high per- 
centage of the total number of steam locomotives having 
road assignment which do not have modern. proportions 
and which will be continued in service for many years. 
This situation leads to the suggestion that increased 
capacity and economy may be built into them at slight 
additional expense by following the practice of making 
required maintenance renewals according to modern pro- 
portions, with particular emphasis on adequate steam 
space, increased gas area through the boiler, a high degree 
of superheat, and valve events for speed and capacity. 


mileage on the railroads has left almost all of them with 

many locomotives on their hands which are not adapted 
to meet such requirements. In other words, the horsepower de- 
mand cannot be met. Many of these locomotives may be im- 
proved for faster and more sustained service by making changes 
which will not incur a great deal of expense. 

From month to month one may see, in publications concerned 
with railway transportation, articles giving the proportions and 
design features of locomotives that are being delivered to some 
railway. If the reader is not something of a student of the 
motive-power field, he may come to the conclusion that the rail- 
ways are being well stocked with new locomotives. This, how- 
ever, is far from being true. In fact, time passes so rapidly, 
making obsolete locomotives which we are inclined to consider 
as modern, that those of us concerned with motive-power prob- 
lems may well be startled by the actual conditions when making 
compilations of the locomotives handling our transportation 
services, their ages, proportions, and construction. 


\4 SHE demand for faster service, longer runs, and high 


DEGREE OF OBSOLESCENCE OF NaATION’S Motive PowER 


In attempting to approximate the extent to which our road- 
service steam motive power may be considered modern, the author 
uses as an example the locomotives of his employer, which is 
considered an average-size railway. Out of an ownership of 610 
locomotives, 425 or 70 per cent are assigned to road service. In 
view of the speeding up of freight and passenger schedules, the 
horsepower rating of locomotives is a better yardstick to apply 
than the rated tractive effort which is so frequently used. Thus, 
using Cole’s values for cylinder-horsepower rating for locomotives 
built prior to 1920, and the railway company’s test results for 
those built in 1920 and later, the 425 locomotives having road 


1 Mechanical Engineer, St. Louis-San Francisco Railway Company. 

Contributed by the Railroad Division and presented at the Semi- 
Annual Meeting, Milwaukee, Wis., June 17-20, 1940, of Tam AMERI- 
CAN SoctrTy or MECHANICAL ENGINEERS. 

Norn: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


assignment have a rating of 1,096,100 hp, an average of 2579 
hp each. Table 1 indicates the periods in which certain of these 
locomotives have been built. 


TABLE 1 PERIOD OF BUILDING LOCOMOTIVES OF THE 
ST, LOUIS-SAN FRANCISCO RAILWAY 
Horsepower Percentage 

rating of total 
1Gsehramailater-aranss ss asssiae res Sess 132700 12.0 
TOSOranadulaters: co miecdees ais Sir atus = = slater aan 220700 20.0 
TGQStandulater eee ores oe kaarestn ss tome tte 543200 49.5 
1919 (U.S.R.A.) and later.........-..---+- 623500 56.7 


Of the locomotives producing 220,700 hp built or rebuilt in 
1930 and later, only 132,700 hp, or 12 per cent of the total con- 
sidered, fully meet the transportation department’s operating 
requirements and have the desired proportions for economy of 
operation and maintenance. There are 31 locomotives included 
in this 12 per cent, having an average rating of 4800 hp. Nu- 
merically, these locomotives are 7.3 per cent of the total having 
road-service assignment. 

Now considering the railroads as a whole, we find that, in 
1939, reports? were filed for 45,965 steam locomotives. Should 
the road-service ratio of 70 per cent be applied to the 45,965 
steam locomotives reported in order to arrive at the approximate 
number having road assignment, we would have a total of 32,175. 

The record’ of purchases of steam locomotives for service in 
the United States, 1934 to 1939, inclusive, is given in Table 2. 


TABLE 2 LOCOMOTIVE PURCHASES; 1934-1939 


Construction Service 
orders placed Road Yard 
1934 63 9 
1935 17 11 
1936 349 84 
1937 149 aT 
1938 33 2 
1939 88 2 
Total 699 135 


Numerically the 699 steam locomotives listedin Table 2, purchased 
for road service, constitute only 2.2 per cent of the 32,175 steam 
locomotives considered as having assignment to this service. 
These new locomotives have approximately double the rated 
horsepower capacity of the average of the total and accumulate 
mileage at rates 2 to 3 times that of the average. On this basis, 
they should account for 10 to 15 per cent of the transportation 
movement. This leaves 85 to 90 per cent of the movement being 
handled by locomotives built prior to 1934. A number of the 
freight locomotives, built in the period 1928 to 1931, were pro- 
portioned to meet present operating requirements; the majority, 
however, while having good boiler proportions and good steam 


2 Twenty-Highth Annual Report of the Chief Inspector, Bureau of 
Locomotive Inspection, Interstate Commerce Commission, U. S. 
Department of Commerce, Washington, D. C., 1939. 

3 ‘Locomotive Purchases by American Railroads,” Annual Statisti- 
cal issues of Railway Age, vol. 98, 1935, p. 155; vol. 100, 1936, p. 71; 
vol. 102, 1937, p. 70; vol. 104, 1938, p. 76; vol. 106, 1939, p. 79; 
January 6, 1940, p. 78. 
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distribution, continued with wheel diameters which are a handi- 
cap today. 

Returning to the figures on the locomotive ownership of the 
author’s employer, it will be observed that, of the 1,096,100 
rated horsepower, representing the total capacity of the 425 
locomotives assigned to road service, locomotives having 12 per 
cent of the rated total are considered modern, while locomotives 
accounting for 44.7 per cent of the rated total were built commenc- 
ing with the U.S.R.A. period and from then on to the time when 
those having modern operating proportions were constructed. 
With the groups of locomotives in mind which will fall within 
the period of construction of the 44.7 per cent mentioned, it is 
suggested that studies similar to the following be undertaken 
with the object of making maintenance replacements as nearly 
according to modern proportions as possible in preference to the 
“as-built” proportions. Regardless of our opinions with respect 
to the economical retirement age of equipment, these locomotives 
will, in all probability, be continued in service for many years. 

In some instances at no additional cost, and in many instances 
at a nominal additional cost, distinct improvements may be 
effected in the capacity and economy of locomotives by the re- 
proportioning of parts which are subject to renewal from time 
to time through the routine of maintenance. 


BoiterR Prorortions WuicH SHOULD BE EXAMINED 


The boiler is an excellent starting point when reviewing the 
design and proportions of a locomotive for possible improvement. 

Many of the boilers designed in the days of drag service have 
inadequate steam space for the high steam-release rate obtained 
under present operating conditions. When a new firebox is 
applied, this condition can be readily corrected. The lowering 
of the crown sheet 3 in. will increase the volume of the steam 
space 20 to 25 per cent. This is frequently sufficient to transform 
a poor water-carrying boiler into a good performer. When this 
is effected, the results are: 


(a) Better performance on line of road; 

(6) Higher superheat temperature; 

(c) Reduction in maintenance of valves, pistons, and super- 
heater units. 


Locomotives, designed for operation on heavy-grade lines and 
having permanent reassignment where only light-grade lines are 
encountered, should be checked for the lowest reading of the 
water glass relative to the highest point of the crown sheet and 
for the visible length of the water glass used. A gain of 15 to 20 
per cent in steam space is at times possible by a slight lowering 
of the water glass and reduction in its visible length, maintaining 
the same degree of safety in operation on the light-grade line as 
prevailed on the heavy-grade line for which the locomotives were 
built. 

The gas area through the barrel of the boiler is one of the all- 
important details which should be checked in order to provide 
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the maximum attainable. In the design of locomotives con- 
structed in the period 1919 to 1930, some railroads incorporated 
practices in the spacing of tubes which today are recognized as 
not being consistent with spacing that may be followed with good 
results, water treatment and welded flues effecting this permis- 
sible change. 

A case in point was the building some years ago of 50 type- 
2-8-2 locomotives by a certain railroad, following in detail the 
boiler dimensions of the U.S.R.A. 2-8-2 B, except for the layout 
of the tube sheets. The latter type had 45 flues 51/2 in. in diam, 
and 247 tubes 21/4, in. in diam. The 50 locomotives of the 2-8-2 
type mentioned have 45 flues 51/2 in. in diam and 219 tubes 21/4 
in. in diam. 

A kindred condition can also be found in the proportioning of 
some boilers having combustion chambers with the water space 
around the chambers greater than is now required for good 
practice. The area of the back tube sheet is generally the limit- 
ing factor in the tube application to these locomotives. A reduc- 
tion of the water space around the combustion chamber when 
applying a new firebox could be capitalized upon through the 
application of additional boiler tubes. 


BoiLer-TUBE-SHEET LAYOUT AND SUPERHEAT 


With the results at hand on the improved cylinder performance 
of modern and semimodern locomotives, a high percentage of 
which is attributable to steam-chest temperatures of 700 to 
750 F, when we apply new tube sheets in the course of mainte- 
nance, the reproportioning of the tube layout to provide high 
steam-chest temperatures offers an excellent opportunity for 
increased capacity and economy. 

The tube-sheet layout of the U.S.R.A. locomotives is propor- 
tioned so that the 5!/:-inch flues will have a flue-gas area of 45 
to 46 per cent of the total gas area through the boiler. Such a 
proportion with the type-A superheater gives a steam tempera- 
ture approximately 100 F below that desired in today’s operation. 

Table 3 shows the tube-and-flue application with resulting 
proportions for the U.S.R.A. 2-8-2 B locomotive as built, as 
well as a number of possible applications without requiring any 
change in the crown height or water space around the combus- 
tion chamber. The order of application to attain increased ca- 
pacity, as well as for fuel economy, would be as follows: 


1 Type-E superheater. 

2 A6 X Q layout of 5!/,in. flues with the application of 
HA superheater units or their equivalent. 

3 A 6 X 10 layout of 5/,in. flues, with the top corner 
flues omitted; application of 58 type-A superheater units. 


Increasing the capacity of the superheater effects a material 
gain in addition to that of reducing the steam rate per unit of 
work, since the increased number of units reduces the pressure 
drop, which at a high work rate is equivalent to a substantial 
increase in the boiler pressure. 


TABLE 3 POSSIBLE TUBE AND FLUE APPLICATIONS ON U.S.R.A. 2-8-2 B TYPE LOCOMOTIVE WITHOUT CHANGE IN DIMEN- 
SIONS OF BACK TUBE SHEET 


Superheater type sidheravovaA Snares witaveraiecter a eee tare tet eee ieee ee ere toy a ee hoes 
Superheater flue Ja yout,c.ciniacaic «mae bes Oona e meee aura ene alae, cietreen crue 
Distance over tube sheets, ft. io. ners wv oes tela ets are terne aie yaa a nercheeeete ie 
Numberiof 54/s-1n. fess iter ser ty ccclainir gasean eerie ine Charon ela ot niece eran 
Number ‘of)2!/ein. tubesia.s oc acal nec ote ey caret tebe cae en aes 
Vertical pitch of /54/s-ins flues; in.t2yminer o.yessieme ciorei vane ceoteea lines 2) forays elven: 
Pitch of: 22/7-in. tubes, ini ccc and on dee eee om eect eon ire hate mene 


Heating surface of flues, sq ft.............. 
Heating surface of tubes, sq ft............. 
Total heating surface, tubes and flues, sq ft. 
Superheater heating surface, sq ft 


Steam area throughisuperheater, sq inisens ne cee eee eosin oes eee inies 
Net: gasiarea through boileriiag) in, ti croe seen ariemeieeonle Gini ies ominis e ete 
Net gas area through 51/2-in. flues, per cent.......00ccceececccceccacasves 
Approximate temperature range of steam in branch pipe, deg F at high work rate 
Maximum evaporation, tubes and flues (Cole’s values)............2..0e0e0. 
Maximum evaporation, including firebox heating surface (Cole’s values)..... 


HA or 
ie A equivalent A E 
aia eo  OtGAs built): 6x9 OX 10) ot Sees 
enon 9 9 19 1 
modes 2) 54 58 201-31/3 
247 217 196 62-21/4 
rons 65/8 61/2 61/2 4.22 (Mean pitch) 
ee 215/16 215/16 3 
1226 1471 1580 3298 
2752 2418 2184 697 
3978 3889 3764 3995 
recs 998 1742 1280 1920 
Beis eet) 61.6 66.1 71.92 
sere LATA 1447 1438 1427 
ice CLOML 52.9 i oe cee 
630-640 HA 710-730 700-720 710-730 
Aton. eye!) 37125 6175 39320 
-.-.. 54809 54010 53060 56205 


a 
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TABLE 4 EXAMPLES OF REPROPORTIONED TUBE-SHEET LAYOUT BY ST. LOUIS-SAN FRANCISCO RAILWAY 


Superheater typere sic cite series clear > gaias ingens enn ees 
Superheater fiue layout. ......-..+22- sc ee ener e cette cere r rete eres ees 
Combustion chamber—with or none.....--.+++eeeeer sere tere rersteess 
Back tube sheet altered.........02--sserer rece cc cr ee eentetaccececcss 


Distance over tube sheets, ft-in......-- sees ee ee rere e terre ener ceteris 
Number of 51/2-in. fl 
Number of 21/ein. tubes.....0.0. +0212 secre eee c ere test eens 
Vertical pitch of 51/s-in. flues, in.....--- essere reer seen 
Pitch of 21/s-in. tubes, im......-.-- + eee eee ee eters 

Heating surface of flues, 8q ft.......+--+-++-+++0> 

Heating surface of tubes, sq ft.......------++> 

Total heating surface, tubes and flues, sq {t.. 
Superheater heating surface, sq ft 
Steam area through superheater, sq in... 
Net gas area through boiler, sq AM etree sts 
Net gas area through 51/2-in. flues, per cent... 
Temperature range of steam in branch pipe, deg F, at high work rate.... 
Maximum evaporation, tubes and flues (Cole’s values).....-++++eereeee 


Example No. 1 


Example No. 2———~ 


built Reproportioned Reproportioned As built Reproportioned 
A A HA A A 

5x9 7X9 6x9 5X8 6x 8 
With With With None None 

se No No Go Crown sheet 

lowered 3 in. ° 
22-0 22-0 20-0 21-0 20-11 
63 54 38 48 

251 211 242 225 176 
63/4 61/2 61/2 61/2 61/s 
31/8 31/16 31/16 31/3 31/16 
1420 1988 1548 1144 1440 
3240 2724 2839 2772 2160 
4660 4712 4387 3916 3600 
1233 1726 1834 978 1235 
61.3 71.8 61.6 43.3 54.7 
1426 1556 1500 1245 1233 
44.7 57.4 9.3 43.3 55.2 
590-620 690-710 2690-720 siete 680-700 

1610 42220 41370 36010 33170 


@ Combustion chamber lengthened and siphon applied. Firebox heating surface increased 18.3 per cent. 


TABLE 5 EXAMPLES OF CHANGE IN VALVE EVENTS AS MADE BY THE ST. LOUIS-SAN FRANCISCO RAILWAY TO MEET ALTERED 
OPERATING REQUIREMENTS; EXAMPLES OF RECENT CONSTRUCTION 


Example No. 1 


Original As altered 
Locomotive type.....--+--eee reer teee 4-6-2 4-6-2 
Class of service......--+- ee sere eeeeee Passenger Light fast 

passenger 

Boiler pressure, PSi......--+s++22se02> 200 200 
Cylinders, diameter and stroke, in...... 24 X 28 24 X 28 
Drivers, diameter, 1n....-..+.-++-++++> 69 73 
Valves, diameter, in......--++++-+ses- 13 13 
Maximum travel, in......--+-++seeeee 71/2 7/9 
Steam lap, in.......--+ee eee eee eeee 1/4 11/2 
HiCci Bots nqandeodueo BOD DOCU ODOODUCUS V/4 3/16 
Exhaust clearance, in....-.-..+++-++++ 1/4 3/16 
Maximum cutoff, per cent.......--++++ . 82 


Table 4 contains examples of reproportioning the superheater 
application on two classes of locomotives by the author’s em- 
ployer. 


Errect or VALVE Events oN LocoMoTIVE OPERATION 


As important as the proportioning of the boiler and the super- 
heater, are the valve events upon the operation of a locomotive. 
Classes should be checked having in mind today’s assignment. 
A 4-6-2 type built to handle the heavy trains of another period, 
with valves having 1 to 1!/s-in. steam lap, should not be as- 
signed to light, high-speed trains without altering the valves 
and valve gear to provide events to suit. Locomotives of the 
2-8-2 type, designed in the days of drag service, may be found 
operating on near passenger schedules and with practically the 
original restricted steam ports and valve events. This neces- 
sarily results in loss of power and fuel. 

Classes, which are receiving the application of new cylinders, 
should have the diameter of the valve, area of the exhaust 
channels, and the steam ports carefully examined. They should 
be proportioned to meet today’s requirements. Only a few 
locomotives need be involved to justify the cost of a new cylinder 
pattern, should it be required, in order to obtain the desired 
proportions. 

Considering the fact that locomotives in freight service are 
rated today on their power output at piston speeds of 1200 to 
1400 fpm, instead of on their initial tractive effort, the responsi- 
bility devolves upon the mechanical engineers at least to point 
out the potential power increases which may be effected through 
moderate changes. At the time of heavy shopping, a valve gear, 
providing drag-service events, can be replaced with a gear pro- 
viding modern events, often at slight cost over that which 
would be involved in maintaining the original in kind. 

Table 5, examples Nos. 1 and 2 are instances of altering the 
valve gears to meet changed assignments and operating condi- 
tions. In both cases the originals were for passenger service 
with running speeds of 55 to 60 mph. The alterations were 
made to provide valve events to accommodate an economical 


———Example No. 2 


Example No. 3 


Original As altered — recent construction— 
4-6-2 4-6-4 2-8-2 4-8-2 4-8-2 
Heavy Conversion, Freight Freight Freight 
passenger heavy fast 
passenger 
210 225 235 250 . 210 
pease 26 X 28 ae 27 X 30 29 X 32 
13 13 14 14 15 
61/9 T1/9 81/2 73/4 81/4 
pL 15/3 115/16 13/4 118/16 
1/4 3/16 3/16 a/16 3/16 
1/4 3/16 0 
79 77 77 76 


cruising speed of 70 to 75 mph, with occasional top speeds of 
80 to 85 mph. 

Should one review a table showing the steam lap, lead, ex- 
haust clearance, valve diameter, etc., for the various locomotives 
recently built, the question could well be asked what proportions 
and valve events should be provided to meet today’s operating 
requirements most satisfactorily? The locomotives which we 
are considering are those built from 1919 to 1930, the majority 
having working pressures within the range of 200 to 250 psi. 

The problem is to provide the highest possible mean effective 
pressure at piston speeds of 1200 fpm and higher. L. H. Fry’s 
recent review! of the reproportioning of locomotives by the 
Paris-Orleans Railway may be read to advantage by those hav- 
ing to do with steam-locomotive proportions; also by those 
having to do with the maintenance. In the latter case, the re- 
view should be studied in order that a better understanding will 
exist when a slight increase in maintenance is assumed in order 
to effect a substantial increase in the work-rate capacity. 

Indicator cards, Figs. 1 to 4, inclusive, are shown as an ex- 
ample of the increase in mean effective pressure which may be 
effected through the adoption of a long steam lap. They were 
taken from a 2-8-2-type locomotive having 45 type-A super- 
heater units, 27 X 32-in. cylinder, 14-in-diam valve, 8%/,in. 
maximum travel. The valve setting for cards, Figs. 1 and 3, 
was as follows: 1!/rin. steam lap, */:s-in. lead, 0-in. exhaust 
clearance, 15/s-in-width steam port. The valve setting for 
cards, Figs. 2 and 4, was as follows: 2%/,in. steam lap, °/:s-in. 
lead, !/1-in. exhaust lap, 23/ is-in-width steam ports. 

Example No. 3 Table 5 shows the steam lap, lead, exhaust 
clearance, valve diameter, maximum cutoff, etc., which the 
author’s company uses as the most practical for fast heavy 
freight service. With a 115/,,-in. steam lap and valve travel to 
provide 75 to 77 per cent maximum cutoff, auxiliary starting 
ports are not required. Cards shown in Figs. 5 and 6 were 


4“The Locomotive in France,” by L. H. Fry, Railway Mechant- 
cal Engineer, vol. 112, 1938, p. 473; vol. 113, 1939, p. 1; vol. 113, 
1939, p. 345. 
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taken from the 2-8-2-type locomotive listed in Table 5, having 
14-in-diam valves with 11°/,,in. steam lap. These cards were 
taken when the locomotive was operating with a piston speed of 
approximately 1000 fpm. It is not difficult to visualize the 
shrinkage in the mean effective pressure which would result from 
either a reduction in the diameter of the valve or in the steam 
lap. With today’s piston speeds of 1200 to 1600 fpm, it is doubly 
important that the inflow and outflow of steam be as unrestricted 
as is practicable. The use of valves of a diameter which may be 
considered large need not incur excessive weight. Lightweight 
built-up valves using gas pipe with a wall thickness of 3/16 in. 
and steel castings having 1/, in. section have been standard prac- 
tice with the author’s company for 7 years. 


Borter PRESSURE 


In the light of the excellent on-line-of-road operation which 
has been obtained from locomotives of recent construction, with 
working pressures within the higher pressure range, one might be 
inclined to the thought that the 200 to 225 psi working pressure, 
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to which many of the locomotives built in the 1919 to 1929 period 
are limited, presents an extreme handicap to one attempting to 
provide increased economy and power with which to meet today’s 
operating requirements. 

From the economy viewpoint, some encouragement may be 
obtained from a review of the design of the recently built high- 
pressure locomotives. The adoption of the higher working 
pressures without modification of design to provide for increased 
ratio of expansion does not admit of the increase in thermal 
efficiency of the engine which is ordinarily considered a result of 
the use of the higher pressure. The decrease in the differential 
between the two is particularly true where a heavy work rate 
with reduced ratio of expansion is involved, the locomotives in 
both pressure ranges working at approximately the same cutoff 
or with the same ratio of expansion. 

High pressure is forced at times where high piston thrust is 
required, and the cylinder diameter must be limited to keep 
within clearance limits. There is no denying that high pressure 
gives an engine a “smartness” of response; however, from the 
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standpoint of capacity and for operation within the present oper- 
ating requirements of high-speed freight service, much may be 
accomplished with working pressures of 200 to 225 psi. An 
example of this is on one of the divisions of the author’s com- 
pany, where the two groups of 4-8-2-type locomotives listed in 
example No. 3 of Table 5 are in a pool. The steaming capacity 
of the locomotives in the two groups is approximately the same. 
The 250-lb locomotives have 54 type HA superheater units 
with 61.6 sq in. of steam area through them. The size of the 
valves, events, etc., are given in Table 5. 

When it was decided to condition the group of locomotives 
having 210 psi to work in a pool with the 250-lb locomotives, the 
51/.-in. flues were increased from 45 to 63, with a resulting in- 
crease in steam area through the supérheater units from 51.3 to 
71.8 sq in.; the dry pipe and branch pipes were increased to suit; 
29-in. cylinders having 13-in-diam valves were replaced with 
29-in. cylinders having 15-in-diam valves; valve gears providing 
6'/,in. maximum travel were replaced with gears providing 
8!/, in. maximum travel; valves having 1-in. steam lap were re- 
placed with valves having 115/i.-in. steam lap. There is some 
difference in the response of the two groups, so far as the en- 
ginemen are concerned, but none, so far as the dispatchers are 
concerned, both handling the same tonnage on the same schedules. 


Srpamina Capaciry—VALUE oF FEEDWATER HwaTiInG 


When treating the subject of providing the maximum possible 
capacity in existing steam locomotives, the steaming capacity 
which may be added to the boiler at high work rates by the 
application of feedwater-heating equipment, utilizing exhaust 
steam, should be analyzed and a distinction made between the 
percentage of return on the investment and the percentage in- 
crease in power; also that a net 10 per cent increase in boiler 
capacity is 12 to 13 per cent at the drawbar. 


CoNCLUSION 


The groups of locomotives that were built in the years 1919 
to 1930 offer, in general, a fertile field for a substantial addition 
to the work-rate capacity of our locomotives through the adop- 
tion of a policy of providing proportions to give a high degree of 
superheat, low pressure drop from boiler to steam chest, and valve 
events to conform with present-day operating requirements, 
these changes building up the mean effective pressure at the 
higher work rates and without increasing the maximum stress in 
frames, driving axles, crankpins, rods, etc. 

These suggestions are not advanced with the intention of de- 
tracting from the thought and effort which ordinarily are put into 
the development of new locomotives but merely to take advan- 
tage of the opportunity that is offered daily in our shops to build 
greater capacity into locomotives which are having renewals 
made as maintenance routine and involving only a nominal 
amount of re-engineering. 


Discussion 


C. T. Rirrtey.’ This paper suggests the need for improvement 
in valves and valve gears, in order to get better performance 
while a locomotive is working at high capacity. The writer is in 
agreement with the author’s conclusions as to the possibilities of 
the poppet-type valve. There appears to be no question but that 
better results can be secured with this type of valve, provided the 
operating mechanism is satisfactory. Some years ago experi- 
ments were made with the Caprotti design on American locomo- 
tives. These showed a number of desirable features, but difficul- 
ties developed in making the parts rugged enough to withstand 


8 Chief Engineer, Technical Board of The Wrought Steel Wheel 
Industry, Chicago, Ill. Mem. A.S.M.E. 
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service in large locomotives. This design did, however, show 
very satisfactory drifting characteristics. 

This matter of drifting has not been referred to, although it is 
a most important one. Practically all American locomotives 
have been built without any suitable device to make them drift 
satisfactorily, unless considerable steam is used in the cylinders. 
There have been numerous so-called drifting valves, but these 
have been inadequate to meet the requirements. On downgrades 
it is necessary to have the throttle open considerably beyond the 
pilot-valve stage, in order to get proper lubrication and avoid 
pounding. ‘This results in a wastage of fuel and the necessity for 
increased braking, which also causes a loss in brake shoes and 
wheels. In some of the western mountain territory, locomotives 
drift as much as 28 per cent of the total time; for example, from 
Albuquerque to Gallup, a distance of 127 miles, they drift about 
27 per cent of the time. From Gallup to Albuquerque, 127 miles, 
about 28 per cent of the time. From Seligman to Needles, 150 
miles, they drift 67 per cent of the time. It is appreciated that 
these are extreme conditions and apply only to mountainous 
territory. However, there is a very considerable amount of 
drifting even on the more level eastern railroads. There is a dis- 
tinct need for improvement in devices to permit of more economi- 
cal and satisfactory drifting. 

One western railroad made a study of this matter and designed 
large by-pass valves, connecting the ends of the valve chambers, 
similar to the practice on German locomotives. These connec- 
tions must be about 9 or 10 in. in diam, in order to meet the re- 
quirements. They are automatic in operation, as the pressure in 
the steam chest closes the by-pass valve. When the pressure is 
not present, coiled springs act upon the valve to open it. There 
is also a steam connection to the cab, which can be used in emer- 
gency in case the valves are stuck open, but it is seldom necessary 
to use it. Operation of these valves has been very satisfactory 
and there is no difficulty from pounding or in maintaining lubri- 
cation in the cylinders. They have reduced the amount of 
braking necessary on the trains and have resulted in marked fuel 
savings. Recent tests have shown a saving of 7 per cent in fuel, 
while operating over the territory between Barstow, Calif., and 
Albuquerque, New Mexico, a distance of 748 miles. It may be 
noted that the saving in braking, through use of proper types of 
drifting valves, increases in the case of locomotives and trains 
equipped with roller bearings with their lessened friction. 

The use of the poppet valve will probably make it unnecessary 
to have any special devices applied for improving drifting charac- 
teristics. In the ease of old engines which are to be rebuilt, as 
suggested by the author, and in designing new engines with pis- 
ton valves, some consideration should be given to this matter. 


Artaur Wituams.* Those familiar with the locomotives of 
the St. Louis-San Francisco Railway referred to in this paper 
will agree that the author and the mechanical department of that 
railway have produced excellent results. It is the writer’s im- 
pression that this is due to the careful consideration given to all 
details of locomotive and cylinder design. In discussing the 
various items, the paper starts with the possibility of lowering 
the crown sheet to increase the volume of the steam space, and 
finishes with the valve gear and valve settings. Between the two 
points, the gas area through the boiler, steam area through the 
boiler, steam area through the superheater units and steam pipes, 
degree of superheat, and pressure drop of the steam are all con- 
sidered. 

In general, it is possible to improve a locomotive with a small 
superheater by increasing the number of superheater units and 


flues. This will increase the superheater heating surface and 


6 Manager, Production Engineering Division, The Superheater 
Company, East Chicago, Ind. Mem. A.S.M.E. 
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superheat, but care must be taken that the evaporative heating 
surface is not decreased too much with a corresponding decrease 
in boiler efficiency. In Table 4 of the paper an increase in the 
heating surface of the tubes and flues was obtained with the larger 
superheater, but this was done with a decrease in the flue spacing. 
It is not always possible to do this. The type-E superheater is 
designed to give the maximum superheater and evaporative 
heating surface so that a high superheat is obtained at the same 
time as a low smokebox temperature and high boiler efficiency. 


AUTHOR’S CLOSURE 


The author believes that Mr. Ripley’s discussion of the poppet- 
type valve refers either to the paper? presented by Charles F. 
Krauss, “Notes on the Trends in Reciprocating Valve Mecha- 
nisms Employing Piston Valves’ or to the paper’ presented by A. 


7 Abstracts of both of these papers were published in Mechanical 
Engineering, vol. 63, February, 1941, pp. 140-144. 
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G. Hoppe, “Notes on Valve and Valve Motion Designed for 
Modern High-Speed Passenger Steam lLocomotives.’”’ The 
paper presented by the author did not touch on the subject of 
the poppet-type valve. 

Mr. Williams’ discussion points out that in general it is possi- 
ble to improve a locomotive with a small superheater by increas- 
ing number of superheater units and flues, but that when in- 
creasing the superheating surface care must be taken that the 
evaporative heating surface is not decreased too much with a 
corresponding decrease in boiler efficiency. The author agrees 
with Mr. Williams, but adds that the increased degree of super- 
heat obtained through an increase in the numberof superheater 
units effects an improvement in cylinder performance through- 
out the entire range of work rates from low to high. The de- 
creased evaporating capacity is not vital except at the higher 
work rates and then is generally more than offset by the de- 
creased steam rate resulting from the higher degree of superheat. 
This is particularly true of oil-burning locomotives. 


This paper develops the fact that the drying of coal in 
the mill while grinding, instead of in separate driers pre- 
‘vious to mill operations, makes possible large savings in 
- equipment, building, and operating costs, besides making 
_ possible a net gain in boiler-plant efficiency in the order 
of 0.5 per cent. This gain is due to improvement in air- 
heater performance, resulting from lesser gas flow through 
it as well as the reduction of approximately 6 per cent of 


' the total gas to 150 F instead of the usual 350 F. Use of an 
- auxiliary cyclone in the mill-vent circuit, with return of 
. the coal separated therefrom to the mill, results in a coal 


avoidable losses involved is due to the moisture content of 


i THE burning of coal under power boilers one of the un- 
the coal as fed to the furnace. The loss is measured at the 


| loss from the system of only about 0.25 per cent. 
1 : 
| 


) point where the flue gases leave the unit and consists of the heat 


| ! of the liquid between the temperature of the incoming coal and 
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the boiling point at atmospheric pressure, plus the latent heat of 
vaporization and the heat of superheat between the boiling tem- 
perature and the temperature of the outgoing gases. This is 
one of the minor losses in the burning of coal; nevertheless, it 
does attain appreciable proportions for the higher moisture 
coals, as shown in Fig. 1, which gives the percentage of loss for 
12,000-Btu coal for various moistures and final flue-gas tem- 
peratures. 

Besides the efficiency loss caused by the moisture content of 
the coal, moisture in the flue gas is a contributing factor to the 
accumulation of deposits in the lower temperature regions of air 
heaters and economizers, especially with the higher sulphur 
coals. These deposits seriously impair the heat-absorbing ca- 
pacity of the surface and, in extreme cases, result in reduction of 
load-carrying capacity and sometimes in forced shutdown. 
Their removal is often difficult and expensive. 

The extraction of moisture from coal for stoker firing has not 
been given much attention; in fact, some conditions of operation 
require “tempering” of the coal with water to improve combus- 
tion. 

In order that over-all plant-efficiency gains, due to removal of 
moisture from coal may be fully realized, the moisture must be 
removed prior to its entrance to the furnace and be discarded to 
some point entirely beyond the heat-absorbing areas. Its re- 
moval must be accomplished with heat of the lowest temperature 
head available, preferably with otherwise waste gases. 

It is evident that in the unit-fired system of pulverized-coal 
burning, hot-air injection into the mill is of value only in so far 
as it benefits mill operation and capacity. The moisture re- 
moved from the coal is injected directly into the furnace and con- 
stitutes the same loss as would be encountered in stoker firing. 

The bin-and-feeder system requires removal of moisture (es- 
pecially surface moisture) down to the lowest practicable value, 


1 Senior Test Engineer of Power Plants, Wisconsin Electric Power 
Company. Mem. A.S.M.E. 
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Mall Drying of Coal 


By M. E. FITZE,1 MILWAUKEE, WIS. 


in order that the powdered coal in handling, storing, and feeding 
will flow freely and uniformly at all times. 


Ear.y Dryinc MetTHops 


Early developments in the art of pulverized-fuel firing by the 
bin-and-feeder system concentrated the drying efforts on the 
coal previous to pulverization. The first generally successful 
driers were of the cement-kiln type; inclined drums some 5 ft in 
diam X 40 ft long, rotating about 3rpm. The coal was fed into 
the upper end, gradually working down and out at the lower end 
by the process of slow rotation. The coal was lifted by suitable 
“pick-up”’ plates on the inside of the drum and dropped through 
the hot gases which were admitted at the lower end and removed 
from the upper. Fines carried out by the gases were removed 
by a cyclone separator before the gases were discharged. Unless 
the drier was close enough to the boiler flue to make possible a 
supply of heat from that source it was necessary to equip the 
drier with a separately fired furnace of its own. To prevent 
overheating of the drier, large amounts of excess air were used 
which, of course, meant inefficient utilization of this portion 
of the coal (approximately 0.5 per cent) charged to the plant. 


1.2 


LOSS , PER CENT 


4 8 
MOISTURE AS FIRED , PER CENT 


Fie. 1 Morsrurn Loss ror Various Moisture CONTENTS AND 
Finau Fiur-Gas TEMPERATURES 
(12,000 Btu per lb of coal as fired.) 


Later, driers were developed in which the coal was passed over 
steam-heated grids or plates with a stream of air passing counter- 
flow to the coal. This made possible the utilization of bled steam 
from the turbines, but capacities were not very high for the space 
occupied and, where long steam lines were required, considerable 
installation expense was involved. 

All these separate drying schemes were predicated on the use 
of a pulverizing plant separate from the rest of the boiler plant. 
This involved: 

1 High building and equipment cost. 

2 High maintenance cost. 

3 High operating labor cost. 


Miut1i-Dryine DEVELOPMENT 
In order to overcome these three high-cost factors of separate 
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coal drying and milling and, at the same time, to retain the in- 
herent high efficiency and all-around operating flexibility of the 
bin-and-feeder system, the mill drying of coal with flue gas taken 
from the latter part of the working cycle was developed. 

Fig. 2 shows diagrammatically the arrangement of mill-drying 
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equipment installed in three plants of the Wisconsin Electric 
Power Company and now being installed in a fourth. 

Flue gas is taken from the last pass of the boiler and the air- 
heater outlet, properly proportioned by suitable damper control 
to give the desired temperature, and injected by the hot-gas fan 
into the mill circuit at the entrance to the mill wind box. Gas 
temperatures about 550 F are used. In order to maintain pres- 
sure in the mill circuit at some constant value and to rid the cir- 
culating system of moisture removed from the coal, a vent fan 
withdraws from the circuit, at the discharge of the main mill fan 
and just prior to the injection of the hot gas, such volume of 
moisture-laden gases as is necessary. The vent fan discharges 
through a cyclone separator and thence to the flue for discharge 
with the boiler flue gas. 

It will be noted that the mill exhauster is located on the clean 
side of the main cyclone, obviating the necessity of accelerating 
the entire mill output through the fan wheel. This results in a 
saving in fan power and blade erosion which is considerable. 
It also makes possible the use of a more efficient type of fan 
wheel. The power saving may amount to 2 or 3 kwhr per ton of 
coal. 

The auxiliary collectors discharge their separated coal into 
the top of the mill; the principle of allowing considerable down- 
ward gas flow through their bases aids their efficiency materially. 
When separating coal of such fineness that 98 per cent passes 4 
325-mesh sieve, their efficiency averages upward of 80 per cent 
when 500 cfm is induced downward through the apex. 
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TABLE 1 TEST RESULTS OF A MILL-DRYING SYSTEM 
GENERAL 
DIR nae Ne os OO UCT fe Tn os Serr toon So sat. cic ae 1/8/30 
NEIG. bop me bbo poo duicga aan Gann ny DID Sine OmvigeepaGbony Ay 
ind Coleone Names -siiise.-1) sia sie xa shes sia High fusion (Hastern) 
Coal milled) tonSicsn<s)6 Oh AB RAS Oe en Oat a 43 
EES AT AE BS nd Bas BES 9 ea Re rennin eet ie 3.58 
Mill-motor current, amp..... - cee mr ee, Pap aa ae 230 
Pump-motor current, amp........-.-6-- se sees eee ees 23 
Arm Data 
Top of mill pressure, in. water.........-..--- —6.9 
Fan-inlet pressure, in. water...........+.-. —17.4 
Fan-discharge pressure, in. water........... ee 1.8 
Pressure rise through fan, in. water................ 19.2 
Wind-box pressure, in. water.......-.2.5-2-0- 2+ sees —0.34 
Wiind=poxitem perature, dels sicissh cts beets shat alps 6 cnn 210 
Os ininou Pas per COLb tet. sale setts ae sce nestle 12.0 
CO: in mill system, per cent...........- MAI: 10.5 
Air leakage, per Cent. ii ono. cle te ceteris ste tne é 12.5 
Air leakage (mostly through feeders), lb per hr......... 9440 
Humidity of leakage air (approx), per cent........... 90 
Moisture in leakage air, lb per hr.............+..- 74 
Return-air temperature (dry bulb), F.............--. 147 
Return-air temperature (wet bulb), F.........-.-+---- : 123 
BATUTALION POL CON Gm iie sai oit citer rate aie tere fr ekeltate ous 50 
Velocity head in return pipe (253/4 in. diam), in. water... 1.62 
Volume throug merills cline). seiclne/ltcieie eieivnsiria= ate = 20100 
Vent-fan-inlet pressure, in. water.......-.:.0- eee recess —2 
Vent-fan-discharge pressure, in. water.......--.-+..-0e05 Z 
Pressure Tisey 1s WATED a. ceveicie-s sielels ole cree viele eyele oisie’= = 4 
Vent-fanispeed a rp 00 ss \<.5 miele of vey ele are lletonninlaie ele = bel sininslalel eaten 640 
Velocity head in vent-fan-discharge pipe (23%/s in. diam), in. 

WA LOE eee eee la ete enoveueh- leuallataetadetete ercietepeveusinib) Selita ="s 0.139 
Vienne: Chin errs (octet ater silebe tous: Poles tp es ietnin ts ohale nuoyedelnlp eiietin cele 4700 
Wentrloiper brasserie: lates eet ioraretns aire aVarein ehakersyt, ots 17700 

Moisture per lb of dry vent air, grains........-....2++05-- 590 
Moisture removed in vent, lb per hr............-- 0000 sees 1490 
Hot-gas fan-inlet pressure, in. water........-.+--seeeeeee —3 
Hot-gas fan-discharge pressure, in. water...........-++---> 0.28 
Pressure rise through fan, in. water.. 3.28 
Hot-gas fan speed, rpM.....-.. 66 -e eee eee ees 700 
Velocity head in hot-gas line (293/,in, diam), in. water.......- 0.048 
Hot-gas, temperature, F.........--- + eee eee cere eee eeee 470 
lsbipachicsioropooon COO snognoas | Oannide Bron sO 6G ot 5700 
ot was ilbi per Br sete cieiers ely ciel ster-eiestolslsts ated-as Valais 14700 
Dew point of hot gas, F.......2. 52. - eee ce eee etter ents 100 
Moisture per lb dry gas, graimS....... +160. seer e eee eee 300 
Moisture in hot gas, Ib per Dr......-. ee ee ee cece eee eens 630 
Dust CoNCENTRATIONS 
Vent-cyclone inlet (main cyclone outlet) lb per cu LG cette og actors 0.0019 
Vent-cyclone outlet, lb per cu ft...-.... 00. e eee ee eee eee 0.00023 
PowrR CONSUMPTION 
INI] motors iow arate sete 1 ieee: Hee ote Miele i etiedeliofelatasuiace inane eye 436 
Total kwhr (mill, fan, pump, vent fan, and hot-gas fancier 816 
Coan Data 
Proximate analysis as milled 
Moisture, per cent.........- 225 -- eee reenter ete 5.2 
Volatile matter, per cent.......--. see eee reece er eee 34.47 
Hixed carbon, per Cents... 22 fees cee ee nlele oi 55.32 
Waly Sper cemtine ajsyele ech etsteteae terete nino e) ne fakel ols fofo¥ate tenis = 10.21 
Totalsper, COU’ aseiitcicl- retreats er ean ke ele eretan ere = 100 
Sulphur, per cent........... cece eee eect rere ees 1.80 
ID EypleiGnscwat. cote Go cAO 0s Fes bar aso m Ong AC odoD 13279 
As received ebtucesione celles ciecasivicre tle eiele = eleseneiier sie 12587 
Temperature after milling, F.......-..-.--.s0eee seers es 147 
Temperature before milling, F...........-.+2s+++eererees 42 
Temperature rise, F.......----- +e rere treet terete 105 
Moisture before milling, per cent.......-..-.+++2-e- eee 5.2 
Moisture after milling, per cent........-.-.-+ee esses eres 20 
Moisture removed, per cent.........---2+02ee seer sees oat 
Fineness before milling 
Per cent through 1/s-in. mesh..........--++-0+- 0-00: 61.6 
Per cent through !/e-in. mesh...... 6... 20 esse eee eeee 88.5 
Per cent through 3/s-in. mesh......... eee e eee eee 93.9 
Per cent through l-in. mesh... ....----ese eee eee e eee 100 
Fineness after milling (Tyler Standard Screen Scale) 
Per cent through 200 mesh..........---- +002 sees eeee 60.9 
Per cent through 100 mesh.....-....----2--+- eee eres 81.8 
Per cent through 48 mesh........-.+-.-2-e+e- seers 97.16 
Per cent through 28 mesh........-.--++-+--reeeeeee 99.75 
Per cent through 20 mesh.........-..-.+- 0s rere eeee 99.95 
Per cent through 10 mesh..............+---0+ ee eeee 100 
. Moisture BALANCE 
Lb per 
be Per cent 
Moisture input with coal........-...-+-: 4 Satiete airs 1250 64 
Moisture input with hot gas......-.-.---.sss+ees 630 32 
Moisture input with room air leakage......-....-. 74 4 
Total moisture input....... 00.02 6e nee eden 1954 100 
Moisture remaining in coal..........-.+255- 505 26 
Moisture removed in vent gas....... Sas ctnurie oles: 1490 76 
Total moisture accounted for..... 1995 102 
Moisture unaccounted for...... —41 —2 
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When extracting flue gases for mill drying from adjacent to the 
air-heater gas inlet, flue-gas losses at the exit of the air heater 
are reduced, since less heat requires transfer and the ratio of air 
flow to gas flow is appreciably increased. In cases where no 
economizers are employed and the boiler-outlet-gas temperature 
is high, improvement in this ratio nets rapid gains in air-heater 
performance. 

Further reduction in flue-gas losses results with mill-drying 
systems in the lowering of some 6 per cent of the flue gas to the 
vent temperature of 150 F instead of the 350 F at the outlet of the 
air heater. Thus, the cold moist coal is used as an “‘economizer,”’ 
reducing flue-gas losses far below any present practice. Return- 
ing the vent to the furnace merely to reclaim the dust loss would 
not make these gains possible, for full gas flow through the air 
heater would result in the following: 

1 No different air-heater performance from usual. 

2 Vent gas which had already been cooled to 150 F would be 
reheated again to air-heater-outlet temperature. 

3 Lowered moisture loss would not be realized, since the full 
moisture content of the coal would be injected into the furnace, 
just as with unit mill or stoker firing. 

4 Air-heater deposits would be aggravated by the higher mois- 
ture gases passing through it. 


OPERATION OF DRYING SYSTEM 


In operation, the system has proved highly successful. During 
the last 11 years 268,000 mill-hr have been amassed by eight 
mills aggregating some 55 mill-years of operation. Approximately 
4,400,000 tons of both Eastern and Midwestern coal have been 
ground. 

Maintaining an atmosphere of CO; in the mill circuit is a safety 
feature of major importance, for the operating record cited has 
been accomplished without any fires or explosions having oc- 
curred. With this inert gas in the system, safety codes allow the 
installation of mill-drying equipment within the boiler room 
without the use of fire walls for separation from other equipment. 

In starting up the equipment, a CO, content in the system of 
upward of 12 per cent can be established in 1 min time by closing 
the wind-box damper shown in Fig. 2, opening the vent damper, 
hot-gas gate, and hot-gas automatic damper and allowing the 
high draft in the boiler outlet to pull gases backward through the 
system from the breeching. 

In operation, the automatic hot-gas damper is held open 
pneumatically by suction in the top of the mill. Should the 


TABLE 1 (Continued) 
Dust BALANCE AND CycLone EFFICIENCY 
Lb per hr of coal in main cyclone outlet (vent-cyclone inlet)... 2290 
Lb per hr of coal in vent-cyclone inlet........- ++ esse esse-s 540 
Lb per hr of coal in vent-cyclone outlet... ..-.+++.++20s+0: 65 
Main-cyclone efficiency, per cent......-- +++ ++eeeerrereees 90.5 
Vent-cyclone efficiency, per cent.......-----+e eee ere reser 88 
Coal lost in vent, per cent.....-. 6-262 cree eee ere eee eee 0.27 
Heat BALANCE 
(Datum is return-air temperature) 
Mill Btu Per 
per hr cent 
Heat input ; , 
Hot gas, above return air... 6-0-1 esses eee eee 1.19 68.4 
Electrical (mill and exhauster).....-.....+++5 0.55 31.6 
PT eat eadn tpt eos) Sremera Si steal ie fe ake: shor erate ale LaPnRy silsiyy 1.74 too 
Heat output ae 
Sensible heat in coal..... FORSTER Oe TO 1 Dy 0.63 36.2 
Heat-up and evaporate moisture.....-.....-- 0.88 50.6 
Pentq-loakage/ air ccs sje inst oie cine soo ele ender 0.23 13.2 
Total accounted for......0-. 226 se erences 1.74 100 
Unaccounted for... Reve fects gettin s 0 0 
Mitt PERFORMANCE 
Tons milled per hr..........---+-- 12 
Mill power, kwhr per ton.......-. ty 1 


Total power, kwhr per ton......- 
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TABLE 2 PRINCIPAL INSTALLATION AND OPERATING DATA 
FOR THREE MILL-DRYING INSTALLATIONS OF WISCONSIN 
ELECTRIC POWER COMPANY 


Port East Wells 
Plant Lakeside Washington Street 
Year installed 1929-1930 1935 1938 
No. of units installed.........-- 4 2 2 
Type of mill.......0.....-05--- Roller Roller Bowl 
Rated capacity, tons per hr....... 15 15 12 
Total hours run to date 212500 48000 7700 
Oprratine Data (1939) 
AGG OL OAL ccs ctetalsparareis reteset Midwestern Eastern Operating 
Pons Wwe seis oes ele otere wl etar= tere srere 361900 181000 data not 
Millshoureiret cieesetelesrs mr ekeke cele eisteretala 21620 10920 available 
Power consumed, kwhr...........- 6433000 2730000 
Tons, milled per br..........-...: 16.7 16.6 
Kwhr consumed per ton..........- 17.8 15.1 
Moisture 
Inlet, per cent... . 2... e<sc ees - 9.03 4.0 
Outlet, per cent..........-.-- 5.06 1.8 
Removed, per cent 3.97 7) 
Fineness, per cent, through 
DOO Mes oa ecisre ce eisee oreo totaketetete 65.87 66.42 
TOOMmesh ei cine secs tereierererstsaes 85.56 89.10 
ASomeshtyeacte cicsrerstveessastatatats 98.32 98.20 
DS rmesh versie sierererein tera toronstarake 99.81 99.83 
DO immeshisy eerepeveislers slots acetate 99.98 99.98 
1 Ojmeahigen. =a oereteree terrane 100 100 


main exhauster fail, the loss of suction in the mill releases a hold- 
ing latch and the damper is closed by a falling weight. This 
prevents injection of heat into the system at a time when it can- 
not be circulated. 

Corrosion of the mill system was anticipated until experience 
with test specimens, placed in locations most favorable to corro- 
sion, indicated that the flue-gas system would deteriorate equip- 
ment practically no sooner than an air-drying system. Thorough 
insulation of all piping and collectors apparently limits deteriora- 
tion principally to erosion. No other maintenance problems of 
consequence have developed which are attributable to the use of 
flue gas. 

Mill capacities have not been found different from those ob- 
tained using coal dried in separately fired driers. Practically the 
only troubles encountered have been in connection with feeding 
wet coal to the mills through supply hoppers and feeders. 

Table 1 shows results of a test run on one of the mill-drying 
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mills at Lakeside soon after the first installation was made, in- 
cluding data on moisture and heat balances and dust loss to the 
vent. The mill capacity found on this test is low and power 
consumption high, due to reduced mill speed for the trial and 
also coal that was unusually hard to grind. Outputs in the 
order of 15 to 18 tons per hr are more usual. 

Later installations make use of a more efficient type of main 
cyclone, resulting in removal efficiencies of around 97 per cent 
instead of 90.5 per cent, so coal losses to the vent are correspond- 
ingly less. 

Table 2 shows the principal installation and operating data for 
the mill-drying equipment installed to date by the Wisconsin 
Electric Power Company. 

Fig. 3 shows a typical temperature recorder chart from a mill- 
drying installation. 


Economy or SYSTEM 


An accounting of heat gains and losses due to the mill-drying 
system of coal preparation shows the following: 


Per cent 
Improvement in air-heater performance; 6 per cent gas extracted 0.48 
(10 per cent less gas through heater = 30 F lower out, temperature) 
(37.5 F lower flue-gas temperature = 1 per cent boiler efficiency) 


Reduction of 6 per cent of flue gas from 350 Fto 150 F...........-- 0.32 
Totalicredit.to mall drying osc: eo anh einjs arate chereins wre tey-te as mare 0.80 
Cidal lost Vents f. 6. fee cic ajc aces ae ace mid eyenee Bile a mteeohe eet ately = uneay 0.25 
Net credit, due to milli drying. ccc -ereleveltoretote ore state atotalalaatetw eles 0.55 


This tabulation shows that the drying is effected more cheaply 
than it can be done in the furnace or with air drying, for the sys- 
tem actually improves boiler-room efficiencies by 0.5 per cent. 
Operating separately fired or steam driers requires about an 
equivalent heat expenditure, which indicates that mill drying is 
one per cent more efficient than the older drying processes. 

The economies mentioned are all thermal economies. In addi- 
tion, mill drying must be credited with large savings in building, 
equipment, maintenance, and operation costs. The process has 
practically eliminated the fire and explosion hazards in the milling 
of coal. 


Steam Generation in Steel Mills 


By H. J. KERR,! NEW YORK, N. Y. 


The author compares operating results of blast-furnace 
power plants for the years 1922, 1931, and 1940, at the same 
time indicating the changes which have occurred since 
1931, when F. G. Cutler (1)? ably presented the develop- 
ments for the preceding decade. In the course of the 
paper, an analysis is given of the factors delaying the use 
of high steam pressures in steel-mill practice, and the 
problems to be solved in raising steam temperatures. 
Numerous blast-furnace boiler installations, typical of 
the best modern practice, are briefly described and il- 
lustrated. 


N APRIL, 1931, the late F. G. Cutler, an outstanding steam 

engineer of the steel industry, presented, from this platform, 

a paper entitled, ‘‘Design Features and Operating Results of 
Fairfield Blast Furnace Power Plant’’ (1).* In Table 2 of that 
paper he gave a digest of the results that had been obtained, 
and compared them with those of 1922. In this comparison, 
Mr. Cutler showed the improvement obtained by: The more ef- 
ficient combustion of blast-furnace gas, the use of electrostatic 
precipitators for the cleaning of gas, the increase in steam pres- 
sure from 150 to 340 pounds, the combination of pulverized coal 
and blast-furnace gas in the same boiler furnace, and the increase 
in capacity of boiler units from 70,000 to 175,000 pounds of steam 
per hour. 

Nine years have elapsed since the presentation of Mr. Cutler’s 
paper and, as many changes have taken place in steam genera- 
tion during this period, it may be of interest to compare present- 
day conditions with those of that time. Table 1 shows such a 
comparison for 1922, 1931, and 1940: 

The first two columns of Table 1 constitute additions to, and 
abbreviations of, Table 2 (1) as given by Mr. Cutler. In making 
up the third column, some liberty has been exercised, by taking 
known facts from central-station practice and modifying these 
values by consideration of steel-mill problems. 


CHANGES IN STEAM-GENERATING PRacTIcE 1931-1940 


Considering in turn the various items in the list, the following 
changes taking place from 1931 to 1940 will be noted: 

1 Steam pressure increased from 340 to 900 psi, with steam 
temperature increasing from 650 to 850 F. 

2 Boiler efficiency has not been materially increased, due 
largely to economics, but has been maintained, notwithstand- 
ing the higher steam temperatures of today, by the use of air 
heaters and economizers. Stove efficiency about the same. 

3 Capacity of boiler units has been greatly increased. This 
development, in the steel industry, has been held back by the 
dirtiness factor of blast-furnace gas, since large units do not lead 
to flexibility of operations, unless they can be maintained in 
service over reasonably long periods of time. It will be noted 


1 Pxecutive Assistant, The Babcock & Wilcox Co. Mem. A.S.M.E. 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. = 

3 Bibliography (1), Table 2, p. 17. 

Contributed by the Fuels Division and presented at the Joint 
Meeting, Birmingham, Ala., November 7-9, 1940, of the Coal Divi- 
sion of the American Institute of Mining and Metallurgical Engineers 
and the Fuels Division of Taz American Socitpty oF MECHANICAL 
ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


that this limitation does not exist at Fairfield, since clean blast- 
furnace gas has been in use for some time. Other steel plants 
are making real improvements in this direction. a 

4 Kilowatthours per ton of product (surplus) increased, 
due largely to increased efficiency of high-pressure steam units. 

In regard to furnaces, two yardsticks are given in Table 1. 
The first is the capacity factor of “Btu per cubic foot of furnace 
volume.” In the past this expression has been greatly misused. 
It is, however, a definite measure of the size of furnace in use for 
the combustion of a specific quantity of fuel, and should not be 
discarded any more than it should be misused. 

The table shows the reduction in this value during the transi- 
tion from stokers to pulverized fuel, between 1922 and 1931, and 
then the increase in value as water cooling in furnace practice 
developed, as shown for 1940. These figures indicate that furnace 
sizes have not been determined by the combustion rates possible 
with pulverized coal. 

Perhaps the values of Btu per cubic foot, with blast-furnace 
gas, furnish further evidence of this general statement, since 
these values are often as high as with pulverized coal, and have 
been for many years, notwithstanding the lower heat value of 
this fuel. 

The second measuring stick for furnaces, “Btu available per 
square foot of equivalent cold surface,’”’ is one which the author 
discussed in 1932, at Pittsburgh (2). This factor, in general, 
denotes the amount of cooling received by the gases of combus- 
tion before entering the convection bank, which, in turn, deter- 
mines the amount of trouble to be expected from slag. With coal- 
firing, it is to be noted that high values were used in the past with 
stokers operating at capacities which permitted burning the coal 
on the stoker grate. As the practice shifted to pulverized coal, 
and not considering unsatisfactory installations, this value seemed 
to level off at approximately 200,000 Btu per sq ft of equivalent 
cold surface for coal having an ash-fusion temperature of the 
order of 2200 F. 

In the case of the blast-furnace gas, very much higher values 


TABLE 1 STEEL-MILL Oe PERFORMANCE IN 1922, 1931, 


1940 
1922 1931 1940 
Stesmurpressure, npsisji.s slel <i cleteieisle oversl= 150 340 900 
Steam temperature, F...............- 450 650 850 
Boiler efficiency, per cent............. 66 83 83 
Stove efficiency, per cent..........-.. 60 70 70 
Dirt in blast-furnace gas, grains per cu 
RU ain niOadOoON Ona AOOUD EL Oe anon OS 3 0.5 0.05 
Size of boiler units, lb steam per hr.... 60000 175000 400000 
Electric current per ton of product (sur- 
FD) 4d Ss fanoodascosundcopocpmucods 25.3 41 53 
Boiler-furnace factors 
Btu per cu ft of furnace volume 
CGA reieete Bin iere steele aus /aVeiarers 35000 14000 40000 
Blast-furnace gas...........- 25000 20000 25000 


Btu available per sq ft of equiva- 
lent cold surfacee————~ 


Oa cinctercter ere aisle neye) es eye ssekevonats 300000 207000 200000 
Blast-furnace gas........-.-- 350000 200000 150000 
TABLE 2 SUPERHEATER ABSORPTION 
Throttle pressure, pSi........--- 200 400 800 1200 
Steam temperature required, F... 570 695 835 935 
Gas temperature drop across 
superheater; no by-pass, F... 288 435 636 795 
Heat absorbed by superheater, 
PET CONE... 2c cave cs scvesces 9.6 14.5 21.2 26.5 
Gas temperature drop across 
superheater; with regulation for 
constant superheat to 0.5 load, 
BAe Teratetatat Oi blioiatalaeiataveWaleré \e eliale.s 960 1200 
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of Btu per square foot of cold surface have been used in the 
past, as will be noted from Table 1. This, of course, was possible 
because of the low combustion temperatures obtained with this 
fuel. With later installations, utilizing blast-furnace gas, this 
value has decreased, solely because pulverized coal is being burned 
in the same furnace and is the determining factor in furnace de- 
sign. 

Within the last few years, E. G. Bailey has been giving con- 
siderable attention to this factor, and has referred to it in a 
recent paper (3). 


AT ba 
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Some discussion of the principal factors presented in Table 1 
may be of interest: 

A steam pressure of 1500 psi has now been in use for a sufficient 
period in central stations as to leave no doubt of its commercial 
success. One manufacturer has been using units at 1500 psi 
in process work, for years; a second manufacturing plant has in 
service 2200 psi pressure in connection with power and process, 
and another central station is now installing a very large unit 
for 2600 psi with steam reheat. Up to the present, the operating 
pressure in steel plants in this country has not exceeded 900 psi. 


SS ee | s 
ae Nf; 


ane 


PyN Enos LuneRas mer 2) WERE 


bh 


Ln A he fl fifi 


MY MY 
LPL) 


VM Mh 
tithes Oh 


YZ 


Dame A ENDS A RAO EE 


VM UY fo 
G, 


Wh 


(74 


aU 


le 


MY 


Fic. 6 Srrrumne Borer InsTALLED aT FAIRFIELD IN 1932 


280 TRANSACTIONS OF THE A.S.M.E. MAY, 1941 
Secondary-Air Passages 
O VOLO OA OLO-OA 
a a as Fy Sa, Bailey 
Wall Tubes 
Fic. 7 (Lert) CoMBINATION 
BURNER FOR PULVERIZED COAL 
AND Buast-FuRNACE Gas 
SS 
Burner 
asing 


B.&W. Intertube 
Pulverized-Coal Burners 


Factors DreLayine UsE or Hico Pressures IN StEEL Mirus 


There are four factors which have caused some steel men to 


hesitate in using high-pressure steam: 

The first is the matter of circulation. Many engineers believe 
there is a definite limit to the steam pressure permissible with 
natural circulation. Fortunately, the company, with which the 
author is connected, made a careful study of this problem about 
10 years ago, which proved that natural circulation was entirely 
satisfactory with proper design for pressures up to at least 2600 
psi. 

This statement presupposes a definite separation of water and 
steam in the boiler drum, so that the water in the downtakes will 
be of normal density. As the steam pressure increases, Fig. 1, 
the steam and water densities approach each other, making 
separation of steam and water more difficult. 

Not only is it necessary to remove the water from the steam 
but for proper circulation conditions, it is also necessary to re- 
move practically all the steam from the water, so as to be able to 
maintain the desired circulation head in the downcomers. This 
has been satisfactorily accomplished by the present construction 
of cyclones followed by steam scrubbers, as shown in Figs. 2 
and 3. In these cyclones, the force available for separating the 
steam and water may be 5 to 10 times the force of gravity. For 
more detailed information on this construction and results ob- 
tained, reference is made to a paper by M. D. Baker (4). 

After the steam and water are separated in the drum, it yet 
remains for the designer to take care of such conditions as are 
shown by Fig. 4, which shows an experimental drum, looking 
down at the entrance to a downcomer. It will be noted that, if 
proper means are not taken to prevent its formation, a vortex of 
no mean proportions may result, in which case, the circulation head 
on a boiler unit may be tremendously decreased. It is perhaps 
not generally realized that, in a boiler unit furnishing 400,000 
lb of steam per hr, there may be passing through the drum 
from 4,000,000 to 8,000,000 Ib of water per hr. 

The second factor which arises in connection with the use of 
high-pressure steam is that of feedwater. Central stations use 
condensate, whereas, steel plants generally use all make-up water. 
This is a very definite difference and one which requires every 
consideration. It may be stated that today feedwater can be 
quite satisfactorily treated for high-pressure steam operations, 
with the one question open, which chemists call by various names, 
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but which, fundamentally, is the problem of silica removal. 
Without going into details, it may be stated that the solubility 
of silica is reduced at higher temperatures, so that less concen- 
tration of silica is permissible at high pressures than at low. If, 
therefore, the water available has a natural silica content, scale 
may form at high pressures. Much work has been accomplished 
in silica removal, as evidenced by the results obtained at the 


Baton Rouge plant of Gulf States Utilities. These results were 
presented in a paper by M. C. Schwartz (5). 

New and successful efforts are being made along other lines 
toward the elimination of silica. The Weirton Steel Company 
installation, operating at 850 psi pressure, using Ohio River water 
for feedwater, is evidence of successful operation at that pressure 
with practically 100 per cent make-up water. This installation 
is well described in a paper by H. G. Strassburger (6). 

Priming, which might be accelerated by feedwater conditions, 
has been practically eliminated by the cyclones previously de- 
scribed. Where they are used, water at full density is maintained 
in the drum. 

The third factor is one of mechanics. Fig. 5 shows a high- 
pressure welded drum in course of construction. There are no 
unsolved mechanical problems involved in meeting the require- 
ments in equipment for using high-pressure steam. So long as 
steelmakers can make good steel of 70,000 psi tensile strength, 
boilermakers will make satisfactory boilers for any pressure 
which may be required. There is little difference, if any, in the 
reliability of the construction of a 1500-psi boiler and one built 
for 150 psi. 

The fourth point which sometimes is cited in connection with 
high pressures is possible operating difficulties. In regard to 
this, the final paragraph of Mr. Cutler’s paper (1) of 1931, is 
quoted: 

“All of the operators were taken from other plants of the 
Tennessee Company, and they had very little if any experience 
with steam pressures over 150 psi, superheaters, turbines, con- 
densers, pulverized coal, or automatic combustion control; 
however, the operating difficulties encountered have been but 
nominal.” 


PROBLEMS ENCOUNTERED IN RAISING STEAM TEMPERATURES 
The increase of steam temperature from 650 to 850 F in steel 
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plants, and to 950 F in central stations, required the solution of 
three problems: 

1 In selecting materials for superheated steam, carbon steels 
were unsatisfactory, due to oxidation and low creep strength. 
Partly as a result of the pioneer work done in the oil industry 
alloy metals have been developed, so that today eleven different 
chromium alloys are available for tubes, the chromium content 
ranging from 1 to 27 per cent. Therefore, materials are obtain- 
able which are fully capable of meeting present-day require- 
ments from the standpoint of both oxidation and strength. 

2 As for tightness, the rolled joint has maintained its position 
with the increase in pressure, but has been found deficient with 
increase in temperature. Fortunately, welding was developed 


as required and, through its use, high-temperature construction 
gives less trouble from leakage than was common with construc- 
To permit the com- 


tions employed with lower temperatures. 
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mercial application of welding to superheaters, material changes 
in their construction have been developed. 

3 In conjunction with high pressure, Table 2, high steam tem- 
perature has changed the percentage of total heat required for 
superheat to such an extent as to have brought about new designs 
of boilers. The necessity of maintaining constant superheat over 
a considerable range in rating has accentuated this condition. 


PRESENT-Day FURNACE PRACTICE 


With blast-furnace gas (particularly if clean and hot), few 
problems exist in present-day furnaces with properly designed 
burners, unless perhaps at low ratings with too cold a furnace. 
The reasons for this are that the flame temperature with this fuel 
is so low as to cause negligible slagging under any rates of com- 
bustion contemplated; and, since pulverized-fuel firing in the 
same furnace is required in steel mills, the limitations set by this 
latter fuel determine furnace design. 

What, then, are the limitations of pulverized-fuel furnaces? 
As stated earlier, Btu per cubic foot is not the limitation, and for 
the reason that this expression means only the amount of fuel 
burned in a given space in a given time. The industry is still in 
the elementary class on this particular problem. This term has 
been used by many as an expression of limitation of furnace 
capacity; and, in some cases, this has been approximately correct, 
but only because other things happened to occur in proportion. 
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The real limitation of pulverized-fuel furnaces is slag—nothing 
else. Two methods are available to overcome this difficulty; 
(a) The elimination of the slag in the furnace gases or, (b) the 
reduction of the temperature of gases leaving the furnace. 

While not accomplishing the first result completely, real 
progress has been made with slag-tap furnaces, from which 50 
per cent of the ash in the coal may be removed in molten form. 

The second method is to cool the gases to a temperature below 
the ash-fusion temperature before they leave the furnace. To 
do this requires a certain ammount of cooling surface around the 
furnace and, hence, this result is measured by the expression, 
“Btu available per square foot of cooling surface.’ This sounds 
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boundary surface of a cube increases as the square of its dimension, 
while the volume increases as the cube; hence, with large-size 
units it becomes difficult to obtain sufficient surface without 
excessive volume. Again, if furnaces are made too cold, combus- 
tion rates decrease, and certain lighting and low-rating problems 
are encountered. Finally, with high superheat and high pres- 
sure, particularly with constant superheat maintained at low 
ratings, a definitely low limit of gas temperature exists, below 
which it is impractical commercially to obtain the superheat 
required. 

In furnaces which have been installed by the author’s company, 


KERR—STEAM GENERATION IN STEEL MILLS 


progress has been made by combining the two principles dis- 
cussed, as will be noted from the illustrations of various units, 
representing boilers of comparatively recent construction. 


Buast-FURNACE BoILER INSTALLATIONS 


Fig. 6 shows a four-drum Stirling boiler, installed at Fairfield 
in 1932. This unit was designed for 300,000 lb of steam per hr 
with coal, and 200,000 lb per hr with blast-furnace gas. It is 
similar to the units described in Mr. Cutler’s paper (1), but has 
two additional features; i.e., complete water cooling of the 
furnace, and a combination of coal and blast-furnace-gas burners, 
as shown in Fig. 7. This system has proved quite successful in 
combination firing. The capacities mentioned for both fuels have 
been exceeded. 

Fig. 8 shows a unit installed at the same time as the new strip 
mill at the Eliza furnace of the Jones & Loughlin Steel Com~- 
pany, for a maximum capacity of 400,000 lb of steam per hr at 
500 psi pressure. Fig. 8 is shown particularly for two reasons; 
i.e., it illustrates a gas by-pass around the superheater for the 
purpose of obtaining constant superheat at various ratings; and 
because this unit exemplifies what can be done to handle suc- 
cessfully the extremely variable load so often met with in steel- 
plant operations. 

Fig. 9 is a steam chart from the unit, Fig. 8; variations in 
steam flow from 200,000 to 400,000 lb per hr will be noted. 

This unit was installed in the same powerhouse as four exist- 
ing boilers which were carrying as much of the swing in load as 
they could successfully handle. The new unit was required to 
accommodate the type of swings shown by the chart, Fig. 9. 
This was accomplished by installing, in the steam line of this 
boiler, a butterfly valve which opens wide as the load demand 
increases, thus obtaining the required steam flow which, in many 
cases, increases at too fast a rate to be obtained by change in 
fuel rate. 

Fig. 10 is a sectional view of an integral furnace boiler unit in 
course of construction for the Youngstown Sheet & Tube Com- 
pany, Chicago. Two such units have been in service for some 
time using pulverized fuel alone. This unit is to be fired with 
both pulverized coal and blast-furnace gas, at a maximum ca- 
pacity of 170,000 lb of steam per hr and a steam pressure of 825 
psi. 

Fig. 11 shows a side view of the units at the Weirton Steel 
Company, which were described by J. H. Strassburger (6). 
This is a typical application of a slag-tap furnace to a four-drum 
Stirling boiler. These units, operating at 850 psi, 850 F steam 
temperature, and at a maximum capacity of 400,000 lb per hr, 
are showing highly reliable operating results. Another unit of 
the same type now being installed will combine both blast-fur- 
nace-gas and pulverized-coal firing. 

Fig. 12 illustrates two units in service at the Rivesville Station 
of the Monongahela & West Penn Power Company. These units 
were designed for 350,000 lb of steam per hr at 1250 psi, and have 
operated at materially greater capacities. As shown by the il- 
lustration, the furnace is of the two-stage slag-tap type, designed 
for burning coal containing ash of 2100 F fusion temperature. 
The heat release at full load in the entire furnace is 40,000 
Btu per cu ft. The heat release in Btu per sq ft of equivalent 
cold surface is approximately 150,000. 

Fig. 13 shows a side elevation of the radiant-heat boilers operat- 
ing at the Essex Station of the Public Service Company of New 
Jersey. They are designed for a pressure of 1475 psi and a 
steam temperature of 950 F, with a capacity of 600,000 lb of 
steam per hr. These units also have two-stage slag-tap furnaces. 
This design permits the combination of a high-temperature 
primary furnace, wherein are obtained high rates of combustion 
per cubic foot and a high value of heat available per square foot 


42-0" 


= 


8|-3—-— 


a 


21-6 22-6 =» 


Fic. 15 Open-Pass Borter TO OpprRatTe AT 2600 Pst PRESSURE; 
Twin Brancu Station, Amprican Gas & ELEcTRIC ComMPANY 


of surface, and a secondary furnace, furnishing a high cooling 
factor for the gases, which have already shed a considerable per- 
centage of the ash in the fuel. 

Fig. 14 is a side elevation of one of the units in operation at the 
West End Station of the Union Gas & Electric Company, Cin- 
cinnati. They were designed to fit into an existing building, and 
have a maximum steam production of 350,000 lb per hr at 1275 
psi pressure and 910 F steam temperature. The primary furnace 
is of the same general type as that shown in previous illustrations 
and from which slag is tapped continuously through the center 
of the floor into a sluice tank. The release in the primary furnace 
is of the order of 82,000 Btu per cu ft. 

To the rear of the primary furnace are two gas passages sur- 
rounded by partially studded tubes, providing for a gas travel 
of about 70 ft between the burners and the heating surface of 
the superheater and economizer. With this construction, a 
further step was made in the effort to obtain high furnace tem- 
perature for high combustion efficiency and the removal of a 
greater percentage of ash in the primary furnace. By the com- 
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plete shielding of radiation from the primary furnace to the 
heating surface of the boiler proper, and by increasing the con- 
vection-transfer rate of the boundary tubes in the latter stages of 
the furnace, a lower temperature leaving the furnace is obtained. 
With this arrangement, the combustion rate up to the convection 
surface is approximately 40,000 Btu per cu ft. The Btu per sq 
ft of cold surface is 110,000. 

Fig. 15 is a side elevation of the boiler now being installed 
at the Twin Branch Station of the American Gas & Electric 
Company, to operate at 2600 psi, 940 F steam temperature, and 
at a capacity of 550,000 lb of steam per hr. It is to be noted 
that the general form of this unit, which is for operation at the 
highest pressure for which natural-circulation boilers have been 
built, follows the same general design as the units which are 
shown in Fig. 14. 
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Discussion 


F. E. Norron.‘ In the following discussion it will be assumed 
that the steel mill includes blast furnaces and other sources of so- 
called waste fuels. 

The paper illustrates eight boilers of which four are suitable 
for general steel-mill practice, utilizing coal or gas fuel, or a com- 
bination of fuels. The other four types are not, in general, 
suited to gas fuel or combined fuels. 

In the paper, considerable emphasis is placed on the rate of 
heat release in boiler furnaces as it affects slag formation and con- 
sequent loss of efficiency. The author states: “The real limita- 
tion of pulverized-fuel furnaces is slag—nothing else.” The 
writer agrees with this statement but would add that, for blast- 
furnace gas, the limitation is “mud” from the flue dust and ash 
in wet-washed gas. 

The furnace gas may bring 0.03 to 0.05 grain of dirt per cu ft 
into the boiler furnace, but the effect on operation and efficiency 
depends upon whether or not the gas is wet or dry and upon the 
nature of the dust. The real criterion is not the Btu realized by 
the combustion of wet or dry gas, but lies in the effective use of 
the heat in making steam (i.e., dirty boilers versus clean boilers). 

There is disagreement among operators of blast-furnace plants 
as to the relative merits of dry or wet gas in boilers. The dis- 
agreement may be due to the reaction of the blast-furnace de- 
partment as to stove gas. Modern stoves require clean gas, and 
wet primary washing is the rule, while secondary wet electric 
precipitators are coming into general use for stove gas. 

It is quite usual to wet-wash all the furnace gas and to divert a 
portion through precipitators for the stoves. This leaves the 
boilerhouse with wet gas, which quite often is very dirty and 
worse than the dry gas. The resulting effect on boiler steam 
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production is very bad, especially if there are shots of dry dirty 
gas, as is often the case. The presence of any coal ash makes the 
condition yet worse. The mud deposits on boiler tubes and 
burners and soot blowers are incapable of removing it. Since 
the blast furnace, quite often, is given credit for the full coal 
equivalent of the gas, boiler troubles do not directly affect the 
furnace costs; indirectly, however, steam costs go up for blowing 
the furnace. 

A further discussion of waste-gas fuel for boilers will bring out 
some essential features of boiler design and seems justified in 
view of the unsatisfactory performance of a number of plants 
using partially cleaned wet gas. 

The use of dry dirty gas at stoves is not advisable but such 
gas may be used at the boilerhouse. 

It is quite apparent that a satisfactory gas supply at stoves 
may not assure good results at boilers. 

Of course, the obvious procedure would be to clean all the fur- 
nace gas with precipitators, at a very considerable investment 
cost. The dry gas would be cheaper. The alternative is to use 
dry dirty gas at boilers and wet-washed and precipitated gas at 
stoves. 

An example of the use of dry dirty gas in two boilers, each 
rated at 165,000 lb of steam per hr, appears in a current article.® 
A third boiler is being installed at the Sydney (Nova Scotia) 
plant of the Dominion Steel and Coal Company. An efficiency 
of 80 per cent for the gas is reported. The performance of the 
first two boilers has been satisfactory. The writer’s remarks are 
prompted by a comparison of these with similar boilers using 
wet-washed gas which are not at all satisfactory because of dirty 
gas. 

The difficulties experienced with mud have several aspects. 
It is not likely that the operators will agree when experience at 
several plants is compared. For instance, the writer is familiar 
with a boiler plant in which dry fly ash from coke breeze is used 
to remove the deposit on tubes. The boiler output is satisfactory 
using wet gas. 

Pulverized coal may or may not be effective in removing such 
deposits. If the coal is coarsely pulverized, and partly burned, 
the result may be a tar, flue-dust, coal-ash compound, which 
looks like slag and is difficult to remove from the boiler. Cir- 
cumstances alter the effect. 

The difficulty with wet gas is that the mud deposited from a 
rush of dirty gas will remain on the tubes for a long time. The 
gas may. be perfectly clean for hours, but a few minutes of dirty 
gas will cut down boiler output for days. This aspect of the 
dirt problem leads to the statement that dry dirty gas is to be 
preferred to wet gas with more than say 0.05 grain of dirt per cu 
ft. This requires virtually perfect washing and precipitation; 
furnace slips or accidental gusts of dirty gas must be eliminated. 

If dry dirty gas is to be used, it is essential that the boiler and 
furnace be arranged so that soot blowers can clean the tubes 
effectively and the dust can be removed from the furnace without 
loss of service or undue labor. 

It is surprising that so few modern boiler plants are arranged to 
use dry gas. Boiler manufacturers should properly be interested 
in dust removal by mechanical means. The amount of money 
involved may be very large as illustrated by the following example 
which might hold for a plant with four blast furnaces. 

Suppose a total of 1500 tons per day of coal equivalent is to be 
used in a boiler; say, 1000 tons by furnace gas and 500 tons by 
actual coal. The efficiency of the boilers with wet-washed dirty 
gas may fall to 60 per cent. With clean gas the efficiency may 
be 80 per cent. The amount of steam made by the clean gas 
would be !/3 greater than with the same amount of dirty gas. 


5 “Hot-Blast Gas for Dominion Steel,’’ by W. 8. Wilson, Power, 
vol. 84, 1940 p. 733 
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The dirty boilers cannot give good results on coal and the ef- 
ficiency of the entire plant would be lowered. The loss would all 
come on coal and would amount to 375 tons of coal per day for 
the same steam output. 

With coal at $2.50 per ton, this amounts to $937.50 per day. 
Should the efficiency of dirty boilers be 65 per cent and the fuel 
consumption remain at 1500 tons per day, the loss would be 281 
tons at $2.50 or say $702.50, as compared with clean boilers for 
the same amount of fuel. These figures are assumed from actual 
experience but are not taken from any actual records and do not 
represent actual operating data. 

In such a plant, the loss of $700 per day amounts to $21,000 
per month, as a result of using wet dirty gas. Per year, the loss 
may be $250,000. For this reason, the boiler design should con- 
template the use of dry gas, unless capital is available for pre- 
cipitators. 

In view of such facts, it is difficult to understand why so few 
plants use dry dirty gas at boilers and even more so why plants 
use a mixture of dirty wet gas and dry gas. The boilers usually 
get the blame for poor efficiency and, in some cases, large invest- 
ments have been made for economizers, air heaters, and other ex- 
pensive devices to raise the efficiency, while the dirty gas wipes 
out all gain and adds the cost of primary washing. 

In some cases the loss by poor efficiency may result in an in- 
crease of purchased power. If 1400 kw can be generated per ton 
of coal, which if purchased may cost lcent per kwhr, the equivalent 
coal cost would be $14 per ton. The actual figure may be as low 
as $7 per ton of coal, depending upon circumstances and upon 
power schedules. 

It will be noted that boilers for dry dirty gas must be arranged 
for easy removal of dust. The proper arrangement of gas and 
coal burners is also of great importance and may have a bearing 
on the flue-dust problem. The air for combustion of furnace gas 
can be kept in contact with fuel until combustion is complete and 
20 to 22 per cent of CO, may be reached in the burned gas. 

On the other hand, the coal does not readily carry the air for 
combustion along with the flame. The products of coal combus- 
tion may be 14 to 18 per cent CO, and, if coal is discharged into 
an atmosphere of burned furnace gas, the combustion may be 
delayed or even stopped by the 22 per cent CO, atmosphere. 

In this connection, Fig. 6 of the paper (Fairfield boiler) is of 
interest, as showing the coal burner pointed down. In this case 
the coal flame should separate from the gas flame. The boilers 
at Sydney, Nova Scotia, have similar coal burners. 

The writer recalls an early application of pulverized coal to 
waste-gas boilers at another plant in Birmingham which gave 
great difficulty in starting the coal burners. These were placed 
in the roof of the furnace so that the flame was compelled to mix 
with burned furnace gas. The result was a very dirty furnace. 

Fig. 10 of the paper shows parallel coal-and-gas firing with in- 
tertube nonturbulent gas burners. This boiler is not designed 
for normal use of coal. It would be well suited to the use of un- 
washed dry gas. The use of a desuperheater in the boiler cir- 
culation system is also to be noted. 

The operation of waste-furnace-gas boilers apparently is a 
simple problem and casual inspection of such a plant would seem 
to confirm this: With perfectly clean gas and a steady load, 
corresponding +o the amount of steam the gas can make, it is 
simple so long as the boilers are clean. 

When a widely varying load must be carried with a constant 
supply of gas, it is evident that the fluctuations must be carried 
on coal or other fuel. The problem of regulation becomes seri- 
ous if combined coal-and-gas firing is used. The cases the writer 
has in mind involve a swing of say 30 to 60 per cent of maximum 
capacity of the coal-fired boiler; the period of swing may be 1'/2 
min or less. It will be realized that rapid fuel and draft control 
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must be provided to meet the load conditions. An airtight fur- 
nace is demanded, since a leaky furnace means excessive loss at 
the stack, unless the fans and dampers give balanced furnace 
pressure. For this reason the coal should be burned on boilers 
which are adapted to coal and widely swinging loads. The base 
load could be carried by gas in order to obtain full output from 
the boiler. 

A comparison of designs in use leads to the conclusion that 
practice has not been crystallized into standards which might be 
expected in view of the large number of installations and the 
amount of money involved in fuel costs. 

The $250,000 differential mentioned would seem to warrant 
careful consideration of the conditions at the boilers when the 
gas-supply system is being laid out. The requirements of the 
stoves should not be the sole factor in final design. 


J. H. Srrasspurcer.® Since July, 1936, The Weirton Steel 
Company has been operating two boilers, each having a capacity 
of 400,000 lb of steam per hr at 850 psi working pressure and 
820 F total temperature. These boilers have been supplying 
steam to a 10,000-kw topping-turbine generator as well as steam 
through a reducing plant for general power and process use. 
Operating experience with this boiler equipment has been highly 
satisfactory. The actual handling of boilers at this pressure has 
been no more difficult for our personnel than the handling of 
boilers at lower pressures. 

During the period mentioned, these boilers have been supplied 
with feedwater conditioned by the hot-process system, utilizing 
100 per cent raw water to the softening plant. During the first 
2 years of operation, these boilers had an availability of 89 per 
cent, during the next 11/2 years the availability averaged 91 per 
cent and, during the year 1940, these boilers will have had an 
availability of 96 per cent. During the last 4 years every shut- 
down on each of these boilers has been a scheduled one for the 
purpose of periodic inspection and cleanup. 

We are now completing the installation of a third boiler and a 
second generator. The third boiler is for the purpose of replac- 
ing low-pressure equipment which has completed its useful life. 
From our experience with this installation, we would not hesitate 
to operate one generator on one boiler. 

We have experienced no difficulty in the operation of the top- 
ping generator. The 10,000-kw machine is loaded so that month 
in and month out it produces approximately 11,000 kw for every 
hour of the month, with peaks up to 13,000 kw depending upon 
back-pressure conditions. The availability of this generator, 
based on an inspection every 2 years and on washing out periodi- 
cally every 3 months, amounts to 98 per cent. 

We believe that in the next few years an extended use of high- 
pressure boilers with companion generating equipment will be 
widely adopted by the steel industry, and should create large 
savings with no serious operating difficulties. 


K. J. Koun.?. Mr. Kerr has presented an interesting paper 
which has a particular appeal to the writer because he sets forth 
the advantages of high-pressure steam as applied to a local plant. 

Referring to the unit “kw per ton of product from surplus 
blast-furnace gas” as shown in Mr. Kerr’s article, Table 1, the 
writer refers to Mr. Cutler’s article,* which presents an over-all 
comparison typical of 1922 and 1930, including blast furnaces, 
blast-furnace stoves, boilers, and steam users. The net result is 
an increase for the 1930 period in the steam available for electric 
generation. 


6 Combustion Engineer, The Weirton Steel Co., Weirton, W. Va. 

7 Chief, Bureau of Steam Engineering, Tennessee Coal, Iron and 
Railroad Company, Ensley, Ala. Mem. A.S.M.E. 

8 See reference 1 of Bibliography to paper. 
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Extending this comparison, Mr. Kerr justly emphasizes the 
advantages resulting from more efficient boiler design and opera- 
tions, but fails to take into account the improvements incident 
to blast-furnace operation. 

When one considers the improvements of blast-furnace prac- 
tice, namely, ore conditioning, sintering, and possible air condi- 
tioning of blast, a lower coke rate per ton of iron would be in 
effect, which in turn would give a lower “heat in top gas.” The 
net result would be less fuel per ton of iron available to the boilers 
which would materially lower the ‘‘kw per ton of product.” Mr. 
Kerr’s subject ‘Steam Generation in Steel Mills” would show up 
adversely if he considers improvements in blast-furnace practice 
and adheres to the unit “kw per ton of product from surplus gas.” 

For comparative results, conforming to the subject, Mr. Kerr 
should limit his comparison to the boilers and assume the heat to 
be the same in all cases. Mr. Kerr gives four reasons why steel 
men hesitate in the use of high-pressure steam: (1) circulation, 
(2) feedwater, (3) mechanics, (4) possible operating difficulties. 
As pointed out by Mr. Kerr, these problems have been overcome 
so we must look further for a possible reason for the hesitation. 

Under feedwater, Mr. Kerr calls attention to the fact that cen- 
tral stations use condensate whereas steel plants generally use 
make-up water for boiler feed. From the latter one would infer 
that the steam was being used for mill operation. Relatively low- 
pressure steam, 200 lb and under, is required in the ordinary 
steel-plant operation, which of course, precludes the economical 
generation of steam at the relatively high-pressure range. 

On the other hand if the steam is used for turboblower opera- 
tion and electric-power generation, any refinement that could be 
economically applied to central stations could be applied in the 
same measure to steel plants. As evidence Mr. Kerr calls atten- 
tion to the use of steam up to 900 lb in some steel plants. The 
entire question is one of economic balance between the cost of 
equipment installed as compared with the operating expense. 
Locally the relatively low cost of fuel would be largely a deter- 
mining factor. 

In brief the steel plants like the central stations will take the 
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advantages to be derived from high steam pressure when it is 
economically possible to do so. 


AUTHOR’s CLOSURE 


The author appreciates the discussions, as they have added 
value to the paper. 

Mr. Kohn has brought out the effect of improvements in blast- 
furnace operation and the cost of fuel on the general economic 
problem of steam generation in steel mills. It would be very 
difficult to cover the many variations in blast-furnace operation 
in a paper of this sort and, therefore, the author took as a base 
the blast-furnace data as furnished in Mr. Cutler’s paper of 1982. 

Undoubtedly the cost of fuel will appreciably affect the steam 
pressure and temperature conditions for most economical opera- 
tion at any plant. 

Mr. Strassburger has been good enough to give the actual 
experience which he has had over the last four years and 
which demonstrates the reliability of 850 lb pressure, 850 deg 
steam operation in steel-mill practice with 100 per cent make-up 
water. 

Mr. Norton’s discussion is a timely one as it brings out the 
problem which many of us have had to face when burning washed 
blast-furnace gas, namely, the tenacious scale formation on the 
boiler tubes. The steady increase in stack temperature when 
burning washed gas has made it necessary periodically to wash 
boilers on the outside as soot blowers will not remove this type 
of scale. Some experience indicates that periodic burning of 
pulverized coal in the same unit minimizes this trouble, as appar- 
ently the fine ash in the flue gas has sufficient abrasive effect to 
cut down this scale. With dirty gas the problem is the handling 
of large quantities of dirt in the unit and induced-draft fans. 
However, with dirty gas the stack temperature does not ma- 
terially increase with reasonable use of soot blowers. 

As indicated in the paper, the proper‘cleaning of blast-furnace 
gas results in long periods of operation of steam-generating units 
at maximum efficiency, and hence the desirability of such prepa- 
ration of the gas where economically possible. 


Coal Resources of Washington 


By JOSEPH DANIELS,! SEATTLE, WASH. 


Coal is the principal mineral fuel resource of Washing- 
ton, overshadowed at the present time by the water-power 
developments at Bonneville and Grand Coulee. No pe- 
troleum is produced commercially, but there is a small 
production of natural gas. Wood, forest and mill, ob- 
tained largely as waste products of the lumber industry, 
is used extensively for heat, power, and industrial pur- 
poses. This paper discusses the location of coal regions, 
the characteristics of Washington coals, mining opera- 
tions, transportation, cost of coal, and other factors, 
giving a comprehensive idea of the production and use of 
this fuel in the Pacific Northwest. 


O MANY engineers the State of Washington is best known 

for its water power. They have heard of its scenery, its 

timber, excellent harbors, fishing, and possibly something 
of its metallic- and industrial-mineral resources. The fuel re- 
sources are not so well known or understood. Facts concerning 
these resources, with particular reference to Washington coals, 
will, therefore, be presented in this paper 


Fuets Oruer THan Coat 


In the State of Washington, no petroleum has been produced 
commercially, although much prospecting, mainly of the wildcat 
variety, has been conducted in various parts of the state. How- 
ever, to date the results have been negative. A pipe line into 
Spokane from Montana and tanker transportation from Cali- 
fornia ports to tidewater points deliver the various fuel oils re- 
quired to strategic distributing centers. California fuel-oil 
shipments into Washington averaged slightly over 9,000,000 bbl 
annually from 1930 to 1938. 

A small production of natural gas, predominantly methane, 
of approximately 900-Btu value is obtained from a series of shal- 
low wells in the Rattlesnake Hills field of Benton County, 18 
miles northeast of Prosser. Distribution began in 1929; the gas 
is sold in seven cities in the Yakima Valley. The reported pro- 
duction in 1938 was 121,000,000 cu ft, of which 111,000,000 were 
sold. The natural gas has been mixed with butane-air gas before 
distribution. It does not appear that natural gas from outside 
sources can be economically piped and distributed through the 
state, although the matter has been discussed and some plans 
were once projected for lines from out-of-state fields. Brief men- 
tion should be made here that manufactured and liquefied pe- 
troleum gases are available to consumers in 29 cities other than 
those served by natural gas. 

Forest wood and waste in the form of millwood, slabs, edgings, 
sawdust, and hogged fuel must be listed in any inventory of fuel 
resources. The exact volume or tonnage used is not known, but 
it plays an important part in supplying heat and power in domes- 
tic and industrial uses everywhere throughout the state. The 
availability and relatively low price make wood, particularly 
sawdust and hogged fuel, a very attractive fuel to many con- 
sumers, especially in western Washington. 


1 Professor of Mining Engineering and Metallurgy, University of 
Washington. 

Contributed by the Fuels Division and presented at the Fall 
Meeting, Spokane, Wash., September 3-6, 1940, of Tam AmmRIcAaN 
Sociery or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


LocaTION oF CoaL REGIONS 


Topographically the state can be partitioned into five divi- 
sions, represented by the Olympic Mountains or Coast Range on 
the west, the Puget Sound Basin, the Cascade Range, the Okano- 
gan Highlands of northeastern Washington, and the Columbia 
Plateau area, making up the greater portion of the eastern and 
southeastern part of the state. The economically significant coal 
region lies along the western flank of the Cascades from the 
Canadian boundary on the north to the Columbia River on the 
south in Whatcom, Skagit, Snohomish, King, Pierce, Thurston, 
Lewis, and Cowlitz Counties, and on the eastern slope in a limited, 
although important, outlier in Kittitas County. This major 
coal region is served by four railroad systems, is close to water 
transportation, and is tributary to an excellent system of roads 
and highways which permits truck delivery to practically every 
part of the state. Most of the deposits lie within a radius of 100 
miles of Seattle. 

The United States Geological Survey, using certain measuring 
sticks, estimated the content of coal in 1917, and again in 1925, 
and reported a total of 63,877,000,000 tons of coal. Similar esti- 
mates were made for other portions of the country. For purposes 
of comparison with other districts on the Pacific Coast, a summary 
of the resources of Alaska, British Columbia, Oregon, and Cali- 
fornia is presented in Table 1. 


TABLE 1 SUMMARY OF ESTIMATED RESOURCES OF COAL ON 


PACIFIC COAST 
(Millions of tons) 


Geographical division and rank of coal Actual 
ESAS: Probable 
ALASKA? Metric tons reserve 
Anthracite and semianthracite...........- OST eerstays 
Semibituminous and bituminous.........- TSCOM pe acters 
Subbitumin ous eye) oaycyeplal Serato hotels ieloke S6SU alist hasan 
UE T Reo ton ee en ees teats oe WAG Scns 
RG ball Sate se meareret aie vets. ae teaeas eters TOG9S Sy tenes 
BritisH CoLuMBIA® Metric tons Metric tons 
Anthracite and semianthracite............ 7 1343 
BIG IAINOUS erate sek ea tiets eaten let saber ate aes 23764 43925 
Subbituminous or lignite..............-.. 60 5136 
1800 
PRO tabaterchs a -/ale:s sieieiees= ace) auaunesterauntel «fs 23831 52204 
W ASHINGTOND Net tons 
Anthracite and semianthracite..........-. 23 
BH INLONIS © fersseses sigue cae «ie she eres imine 2 eae Oe) Be ae 
Sub DivgmMMous = 6% occ es ncn sw ee ee aieelale 52442 
CP Oo rapa Bork ca Rhee PPeMPY AE VO 68800. \ wseece 
OrEGON) Net tons 
Bib WTAINOUS soe cia areyeersi= = clevavave (selene verapeial ats SUU0 De ee Gee 
Subbituminous <2. ..6.. cece ees se cesses TOO. \y Wpehiaess 
hei WAS See CUES ECD porto A OOOO LEY A Fora 
CALIFORNIA} Net tons — 
IBIGUMINOUSs esa. cfele te icteleteiaie Diholecerels steele POTN We tks cc: 
ibis UM INOUS ole se reres state ole as ot els ode 163 eon 
Hh) 2 earn AI OCOD ecu OOOO ERY Re Goats 


@ Refer to Bibliography (1).? 
b Refer to Bibliography (2). 


All of these estimates have been questioned because they were 
based on interpretations of broad geological structures, in some 
cases on inadequate data, and because they did not consider the 
limitations imposed by operating and economic factors which 
govern the workability of deposits. In a broad way, however, 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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since the same yardstick was used eyerywhere, the estimates give 
a relative or comparative picture of the magnitude of the re- 
sources. The figures appear to indicate that Washington origi- 
nally contained the largest resource of tonnage in the Pacific Coast 
strip. Using actual reserve tonnages as a basis, Washington had 
56.4 per cent of the total, British Columbia 21 per cent, Alaska 
13.7 per cent, Oregon 8.8 per cent, and California 0.1 per cent. 
The significant position of Washington with respect to future 
supplies of solid fuel is indicated by this analysis. The figures 
quoted, however, cannot be used for estimating present commer- 
cial reserves or probable life of the various fields or districts within 
the major areas. 
Coat Mrnine In WASHINGTON 


Coal mining began in the state about 1850; shipments to ad- 
jacent territory were reported in 1860. No records of production 
are available before 1860, but since that date figures of produc- 
tion are well known. Production to the end of 1938 was 126,- 
677,000 tons. Maximum output began shortly after 1900 and 
was maintained over a period of years until 1920. The produc- 
tion in 1910 was 3,911,899 tons; in 1915, it was 4,082,212 tons; 
the low point occurred in 1934, when only 1,382,991 tons were 
mined, Annual tonnages have been relatively small; the decline 
has been due mainly to slow growth of population and industry, 
increased efficiency of utilization, growing competition with 
liquid and gaseous fuel, and the development of hydroelectricity 
as a substitute for heat and power formerly supplied by coal. 

Geologically, the coals of Washington are relatively young, 
that is, they are found in the Eocene formations of the Tertiary 
period. However, one important fact must be noted, i.e., dy- 
namochemical forces were active during later parts of recent 
geologic time with the result that all ranks of coal from lignite to 
anthracite were produced in the state. A distinct relationship 
exists between the degree of metamorphism of the Hocene sedi- 
mentaries and the rank of coal; thus, for example, the higher- 
rank coals are found near the Cascade Range and, away from this 
aren of deformation, the coals show complete gradations to lig- 
nites. This relationship of rank and structure has been an im- 
portant factor in the development and operation of mines and in 
the preparation of coal for market. 

The principal resource is subbituminous in rank; bituminous, 
both coking and free-burning, constitutes the next major propor- 
tion; lignitic and anthracitic coals a relatively small proportion 
of the total. The coking coals constitute an important asset in 
connection with their utilization for metallurgical uses. The 
greater part of the production, 77 per cent, has been bituminous 
coal; subbituminous is second with 23 per cent; lignitic coals 
have been insignificant; and anthracitie coals haye not yet been 
produced in commercial quantities. 

Mining conditions in the state are in general complex. Very 
few seams of gentle dip are mined, most operations are conducted 
on steep dips, mechanization is limited to a few operating proper- 
ties, and hand methods predominate. Cost of mining conse- 
quently is high, and a large proportion of the output, 66 per cent 


TABLE 2 


County and 


district Designation and size,“ in. Preparation 
rhe { Stoker, 5/3 sh — 5/16 sh Washed 
NYG B DC ON ic Reali areks \ Buckwheat, —5/16 sh Washed 
King 
McKay. .....- Steam, —1 sh Washed 
Cumberland. . Steam, —7/s sh Washed 
Renton....... Buckwheat, —1/2 sh Washed 
PYBYGS.. Sew hcelesieie © aiaratend Steam, — 11/4 bar Raw 
rotsitas figtear — 15/3 rh Washed and dried 
Bhai eae ASLO —3/q4rh Washed and dried 
rT aTRE ON { Steam, —5 bar Raw 
Dh RO aE Aa \ Stoker, 13/4 rh —1/4 sh Washed 
4sh = square-hole screen; rh = round-hole screen; bar = bar screen. 
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in 1936, must be washed before shipment. Seventy mines were in 
operation in 1937, with a total output of 2,018,036 tons, valued at 
$6,402,968; the number of men employed was 2934. Days 
worked during the year were 202. Kittitas County was the 
largest producer followed by King, Whatcom, and Pierce. 

It is not possible here to give many analyses or extended data 
on properties of coals. A few typical examples from each of the 
producing counties are submitted in Table 2. Accurate data 
giving analyses of face samples and delivered coals, softening 
temperatures of ash, agglutinating and slacking values, and other 
related data are contained in a Bureau of Mines report (3) and a 
supplement to that report. The engineer interested in the utiliza- 
tion of Washington coals will find these two publications timely 
and authentic. 


Mopss or TRANSPORTATION 


The coal produced in the north-central and in the western part 
of the state, reaches all parts of the state by four transcontinental 
railroad lines or their branches. Western Washington coal is 
trucked extensively in the Puget Sound and southwestern dis- 
tricts; a small tonnage of coal from the Roslyn field moves 
easterly by truck but the main movement is by rail; some coal is 
handled by tidewater transportation from Seattle, Tacoma, and 
Bellingham. The principal distribution area is within the state; 
there is a small interstate movement to Alaska, Idaho, and 
Oregon; and some export trade to British Columbia and Pacific 
Ocean points. The truck movement of coal amounted to 25.5 
per cent of the tonnage produced in 1938. Storage of coal be- 
cause of seasonal and transportation difficulties is unnecessary, 
and all the important population centers can easily be served 
directly from the mines. 


Utimization or WASHINGTON CoaLs 


Washington coals enter into every field of use and activity in 
raw, briquetted, pulverized, and carbonized forms. Household 
heating, steam generation, locomotive and steamship fuel, copper 
smelting, magnesite burning, and ceramic firing represent direct 
uses either in hand, mechanical-stoker, or pulverized-firing 
methods. Coal has been used to manufacture coke in bench, 
beehive, and by-product ovens, also in the various coal-gas, 
producer-gas, and water-gas processes. Briquettes are used in 
domestic and industrial firing and occasionally for orchard-heat- 
ing purposes. The coal can be used as a reducing agent or as 
raw material in some chemical and metallurgical processes. 
Washington coke has been used in metallurgical plants, in found- 
ries, in sugar refineries, in producer- and water-gas production, and 
in domestic heating. In short, some type of local product has 
been found suitable for coal utilization in its many fields and 
applications. 

In 1938, the output was utilized as shown in Table 3. AL 
though the demand for coal for some uses, namely, manufac- 
tured-gas plants, cement mills, smelters, miscellaneous industrial 
plants, and commercial and domestic heating, shows an increase 
over the last decade when expressed as a percentage of state 


TYPICAL ANALYSES OF TIPPLE SAMPLES OF WASHINGTON COALS 


—————-_ Moisture-free basis———-_——. 


Moisture, Volatile Fixed Ash-softening 
as received, matter, carbon, Ash, Sulphur, temperature 
percent percent percent percent per cent Btu F 
10.5 35.6 45.0 19.4 0.3 11010 2640 
8.9 36.0 48.7 15.3 0.¢ 11600 2510 
12.8 43.0 52.3 4.7 0.6 13310 2160 
5.4 36.9 45.0 18.1 0.6 12070 2910+ 
14.7 39.9 46.6 13.5 0.6 11790 ; 
3.2 35.9 52.0 122% 1.0 13530 2280 
4.9 38.4 46.9 14.7 0.3 12710 2370 
3.4 38.4 48.4 12.8 0.4 12890 2600 
19.8 40.4 47.0 12.6 0.7 11360 2420 
22.4 42.8 46.9 10.3 0.6 11600 2390 


DANIELS—COAL RESOURCES OF WASHINGTON 


TABLE 3 USES OF COAL, 1927, 1936-19387 


Per cent; 
Use 1927 1936 1937 1938 

Colliery fuel. Sy Ae 2 ] 1 1 
Railroad fuel, ‘including 

shop and station coal. 43 31 29 29 
Public - utility central- 

heating plants......... = 3 t 4 
Public-utility steam-elec- zs : 

tric plants.. tire 1 0) 
Fuel- briquette plants. ad 3 0 (6) 0 
Beehive-coke ovens...... 2 0) 0 0 
By-product-coke ov ens. a 3 1 0) 
Other manufactured- gas 

works, including boiler 

Gi ehra se careusie ere fer eeere 2 2 3 3 

Cement mills. snue.5... - 6-8 11 11 12 
IMG brah miece nets | koiries 2 Z 3 
All other industries....... 7-14 6 13 13 
Commercial and domestic 

DOACINS Howse wwe cine 15-23 37 33 32 
Steamship bunkers....... 1-2 0 (0) 0 
Foreign exports and ship- 

ments to Alaska...... 1-2 
Shioments to adjacent 4 1 2 

BtAGCS ees cie crear ere he a lseuspesere 

1 

State production, net tons 2,635,0626 1,812,1046 2,018,036» 1,572,057¢ 


@ Refer to Bibliography (3). 
b Production reported by Bureau of Mines. 
¢ Production reported by State Inspector of Coal Mines. 


production, the actual tonnages have decreased. The most 
drastic curtailments in demand have occurred in coal used by 
railroads, briquette plants, coke plants, and steamships. Rail- 
roads and commercial and domestic heating, however, continue 
to be the most important consumer units. 

The production of fuel briquettes began in 1911, and reached 
a maximum in 1917, with an output of 109,177 tons. The total 
reported production 1914 to 1938 amounted to 1,069,302 tons. 
In addition to coal briquettes, petroleum-carbon briquettes, made 
at oil-gas plants in Portland and Seattle, are sold for domestic 
use, and they are also replacing coke and coal in some water-gas 
processes. ‘Packaged fuel” made from outside coals and from 
petroleum coke is being produced and marketed in Spokane. 

Pulverized coal has been used at power plants, smelters, ce- 
ment mills, and miscellaneous industrial establishments since 
1918. The quantity used reached a maximum of 350,000 tons in 
1937; in 1938, sixteen per cent of the output of the state was 
fired in this form. Table 4 shows the consumption in 12 plants 


TABLE 4 POWDERED-COAL CONSUMPTION IN NET TONS BY 
TYPES OF USERS? 


Utilities, 
princi- 
pally 
Cement steam Miscel- 

Year plants Smelters plants laneous Total 
1927 225000 42000 50000 2500 319500 
1928 175000 42000 51500 2000 270590 
1929 167736 45862 52807 2600 269005 
1930 186408 44204 56203 3882 290697 
1931 138643 34842 80984 10898 265367 
1932 59409 26057 80004 10675 176145 
1933 33438 22223 77943 8710 142314 
1934 67882 27454 60350 10266 165952 
1935 60956 43202 56827 8419 169404 
1936 195913 46095 63451 9240 314699 
1937 224562 41837 73069 9709 349177 
1938 140752 45203 58131 9434 253520 


@ Refer to Bibliography (3). 


using Washington coal. Slack and buckwheat sizes produced in 
Whatcom, King, and Kittitas Counties supply the greater por- 
tion of this market. 

The degree to which coal mined outside of the state, wood, 
fuel oil, and hydroelectricity affected the distribution and use of 
fuels in 1936 is shown in the analysis given in Table 5. 


Pricrt SCHEDULE FOR COALS 


Minimum prices for coal have been proposed and recom- 
mended by the Bituminous Coal Commission for various market 
areas in Washington. The entire schedule is too complicated to 
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include in this review; instead, a summary, Table 6, will be 
given of prices of principal industrial sizes for shipment into the 
Seattle market territory. It is necessary to remember that the 
coals from Kittitas and Pierce Counties are bituminous; Thurs- 
ton, Lewis, and Cowlitz Counties are subbituminous of low 
rank; Whatcom County coals are bituminous; and the King 
County coals are divided into the subbituminous, low-ash coals 
of the McKay district, the subbituminous of the Renton dis- 
trict, and the bituminous of the Cumberland district. Market 
prices may be expected to exceed the recommended minimum 
code figures. 


CoaLs FOR CoKING PURPOSES 


Washington contains the only important coking-coal resource 
along the Pacific Coast. California and Oregon possess none, so 
far as present evidence is available; western British Columbia 
has coking coals but not of commercial significance at the present 
time; Alaska contains high-grade resources which are practically 
undeveloped and remote from transportation. Eastern British 
Columbia produces coke which is mainly consumed in the “In- 
land Empire” region of Washington and Idaho. It appears 
certain that attention must be focused on Washington in any 
consideration of future supplies of proved resource of this coal. 

The principal coking coals are found in the Wilkeson-Carbon- 
ado-Fairfax district of the Pierce County field. This area has 
supplied the major production of coking coals and beehive coke. 
Portions of the beds in the Roslyn field of Kittitas County possess 
fair coking properties; and some eastern King County coals have 
fair to good coking qualities which make them potential sources 
for mixing or blending purposes. 

Coke has been produced since 1880, in beehive ovens, and one 
by-product plant in Seattle, primarily operated for gas, produced 
coke from 1914 to 1937. This coke, together with gas-house 
coke, has been used in a wide variety of applications. Its severest 
handicap has been a moderately high percentage of ash, offset to 
a degree by low sulphur content. Some investigation is under 
way to produce better coke by improved preparation of coals and 
by mixing suitable coals of low ash content. The production of 
beehive coke from 1880 to 1937 was 1,631,319 tons; production 
of by-product coke 1914 to 19387 was 709,429 tons; a grand total 
of 2,340,748 tons. No coke was produced in 1938 and 1939. 

In this brief review an attempt has been made to show that 
Washington possesses large resources of coal of various ranks and 
grades suitable for the needs of modern industry. Many of these 
coals are not of as good quality as coals from eastern mines; 
geologic conditions of deposition were different, with the result 
that the beds contain higher ash and generally are more difficult 
to mine and to clean. However, the fact that they have been 
successfully used for the various needs and demands of consumers 
over nearly a century indicates the fact that they have a place to 
fill in the field of fuel utilization. Many investigations have been 
made of the washability, friability, slacking, and grindability 
properties, and of agglutinating and coking characteristics of 
these coals. These are outside the scope of this paper, but the 
reports are available to the engineer who may wish to secure 
detailed information; a few references are cited in the Bibliog- 
raphy. It appears that the matter of economics of use rather 
than availability and suitability of supply is the determining fac- 
tor from the engineering standpoint. 


Errect or WATER-PowbR DEVELOPMENTS ON Usb or CoaL 


The completion of gigantic programs of water-power develop- 
ment inevitably will curtail the demand for coal used primarily 
as sources of heat and power. Other outlets such as coke and gas 
manufacture, hydrogenation and low-temperature carboniza- 
tion, chemical uses in metallurgical and electrothermal processes 
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TABLE 5 
Quantity, 
coal, net tons; 
oil, bbl; 
or 
Fuel electricity, kwhr 
Coal from other states........ 261,000 
Coal from Canada...........- 90,000 
Total competing coal....... 351,000 
Washington coal>. 2.2... --:- 1,812,000 
Total Coal asec cieleis, siete cucrenc 2,163,000 
Mifare Conn coluorootocor cicero | iS tnd Fe 

INGTON aacodecoae 9,400,000 


Hydroelectric power. . 3,273,148,000 


@ Refer to Bibliography (3). 
b Refer to Bibliography (4). 


COMPETING FUELS AND HYDROELECTRIC POWER, 1936+ 


Percentage 
Coal or coal Percentage ° 

equivalent, of total Washington 

net tons power coal output 
261,000 3.4 14.4 
90,000 1.2 5.0 
351,000 4.6 19.4 
1,812,000 24.0 100.0 
2,163,000 28.6 119.4 
500,0005 6.6 27.6 
2,547,000¢ 83.7 140.6 
2,357 ,0004 31.1 130.1 
7,567,000 100.0 417.7 


No estimate of the amount of wood fuel used more recently than that 


of 1924 is available; consequently, that figure is used to indicate the approximate magnitude of compe~- 


tition from wood in 1936. 


¢ A conversion factor of 0.271 ton of coal per bbl of oil was used; this factor is based on a carefully 
estimated average Btu of 11,400 per lb, as-received basis, for Washington coal, and an average Btu of 


147,000 per gal for fuel oil. 


a’A conversion factor of 1.44 lb of coal per kwhr, the average for central stations in the United States 


in 1936, was used. 


RAIL TRANSPORTATION INTO SEATTLE MARKET AREA 


RECOMMENDED PRICE RELATIONSHIP FOR WASHINGTON COALS VIA 
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King County: 


TABLE 6 

Thurston, 

Lewis, and 
Size group, Kittitas Pierce Cowlitz 

in. County County Counties 

Mine run 4.002 3.90 Praehss 
31/2 X 0 3.75 3.90 2,50 
2 0 3.155 3.65 2.006 
11/4 X 7/8 syere Nace es 
11/, X 0 Bele 3.50 aeeks 
Poco 2.956 Stare 1.505 
i/s X 3/8 Pieae Sratatis Date 
3/3 X 0 2.75 2.85 1.00 
3/32 X O eieere ro anera 


Whatcom McKay Renton Cumberland 
County District District District 
ae a500 pon 3.50 

weus 3.75 SO 3.00-3.25 
3.25 nent eee ee 
bee 3.50 aac Boys 

2 States ODE: 2.90-3.15 
3.00 Eyaiere 3.25 Patel 
1.50 2.85 1.50 1.75 
cients 1.60 soa mone: 


@ Prices listed shall be increased 25 cents per net ton for washed sizes. 
b Prices listed shall be increased 10 cents per net ton for washed sizes. 


Nore: All prices are net ton, 2000 lb, f.o.b. transportation facilities of the mines. 


All size desig- 


nations are for round-hole screens. When coal is subjected to any chemical, oil, or waxing process, 
an additional charge of not less than 10 cents per net ton shall be added. 


may in the future offset part of the losses. In any event, the re- 
source of Washington coal appears to be a valuable asset in the 
expected growth of the Pacific Northwest. 
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Discussion 


D.S. Hanury.’ The coal industry in the Pacific Northwest is 
fortunate in having a College of Mines at the University of Wash- 
ington, with which is associated such men as the author and to 
whom the industry can go for advice and assistance. Professor 
Daniels has always been most cooperative in anything of a con- 
structive nature affecting the coal-mining business in our state. 

In my opinion, the coal industry of the State of Washington 
has failed to take the steps it should have taken years ago in the 
way of research and an energetic sales campaign not only to retain 
the business it enjoyed but to increase its markets. The inroads 
of fuel oil from California, commencing about the year 1911, have 
resulted in the loss of a substantial part of the coal market. Not- 
withstanding the fact of the large increase in population and in 
industrial activity, the total coal output of the state now is prac- 
tically the same as it was 50 years ago. What was once one of 
the three or four largest industries in the state should not feel 
proud of its apathy in standing idly by and permitting its markets 
to be gradually taken away and absorbed by other fuels. 


3 Vice-President, Pacific Coast Coal Company, Seattle, Wash. 
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Burning Characteristics of Washington Coals 
‘on Domestic Overfeed and Underfeed Stokers 


By H. F. YANCEY,! K. A. JOHNSON,? ann J. B. CORDINER, JR.* 


During the last 30 years, rapid advances have been made 
in the efficiency of fuel utilization in industry, but only 
during the last 10 years has comparable progress been 
realized in domestic heating. The most important advance 
in this field has been the development and wide applica- 
tion of the domestic coal stoker. The use of stokers for 
domestic heating originated in the Pacific Northwest, 
where two types, the underfeed and overfeed stokers are 
common. Elsewhere in the United States, the underfeed 
type predominates for domestic use. Studies‘ were made 
and reported upon in 1938 by the U. S. Bureau of Mines in 
cooperation with the College of Mines of the University of 


HIS paper presents a comparison of the results of burning 

trials of coals, having different physical and chemical 

properties, on an oyerfeed and on an underfeed stoker. 
The coals were selected to demonstrate the influence of varying 
caking properties and different ash-softening temperatures on 
their performance with the two types of stokers. These two prop- 
erties and size composition probably are the most important in 
affecting the behavior and suitability of coal for domestic-stoker 
burning. Caking is especially important in influencing the per- 
formance of coal on overfeed stokers, but is herewith considered 
for both types. 

Coau UsEep 


Five representative Washington coals, ranging in rank from 


1 Supervising Engineer, Northwest Experiment Station, U. 8S. 
Bureau of Mines, Seattle, Wash. 

2 Assistant Chemist, Northwest Experiment Station, U. S. Bureau 
of Mines, Seattle, Wash. 

3 Research Fellow, University of Washington, Seattle, Wash. 

4 “Burning of Various Coals Continuously and Intermittently on 
a Domestic Overfeed Stoker,’ by H. F. Yancey, K. A. Johnson, 
A. A. Lewis, and J. B. Cordiner, Jr., U. 8. Bureau of Mines, Report 
of Investigations 3379, 1938. 

Contributed by the Fuels Division and presented at the Fall 
Meeting, Spokane, Wash., September 3-6, 1940, of Tas AmMpRICAN 
Socrmry or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


Washington on the subject of burning Washington coals 
on overfeed domestic stokers. Results were given of 25 
combustion trials. Since then, the authors have con- 
ducted additional tests to include Washington and Oregon 
coals using both overfeed and underfeed stokers. This 
paper® describes the burning characteristics of caking and 
noncaking coals when fired on domestic stokers of both 
types installed successively in the same hot-water boiler. 
The results of burning trials with five coals selected from 
available data show the influence of variations in caking 
properties and ash-softening temperatures when used on 
both types of stokers. 


subbituminous A to medium-volatile bituminous were fired. In 
caking properties, the coals ranged from nonagglomerating 
through weakly agglomerating to poor and good caking. In ash- 
softening temperature, they ranged from 2160 F to 2910 F. Ash 
contents ranged from 4.5 to 12.5 per cent. 

Table 1 gives names and significant properties of coals tested. 
The description of caking or agglomerating properties is based 
upon the appearance of residue obtained by the standard method 
for the determination of volatile matter in the coal.® 

The Harris and McKay coals were noncaking, but the other 
three coals, Roslyn, Roslyn-Cascade, and Wilkeson had caking 
strengths or agglutinating values of 700, 2300, and 10,240 g, re- 
spectively. 

Comparative agglutinating values of coals from other states 
are as follows: Two samples from the Pocahontas No. 3 bed, 
West Virginia, had agglutinating values of 12,600 and 7130. One 
sample from the Pittsburgh bed in western Pennsylvania had an 
agglutinating value of 9810, while the Thick Freeport bed in the 


5 The work upon which this report was based was performed under 
a cooperative agreement between the Northwest Experiment Station, 
Bureau of Mines, United States Department of the Interior, and the 
University of Washington, Seattle, Wash. Published by permission 
of the Director, Bureau of Mines. 

é “A oolomerating and Agglutinating Tests for Classifying Weakly 
Caking Coals,” by R. E. Gilmore, G. P. Connell, and J. H. H. 
Nicolls, Trans. American Institute of Mining and Metallurgical 
Engineers, Coal Division, vol. 108, 1934, pp. 255-265. 
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bed depends upon the type of coal being burned. 
A hydraulic mechanism allows the speed of the feed 
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TABLE 1 NAMES OF COALS TESTED AND THEIR PROPERTIES 
Ash-softening 
Caking temperature, 
Coal Rank properties 
Harris Subbituminous A Noncoherent 
McKay Subbituminous A Slightly coherent 
Roslyn 5. High-volatile A bituminous Weak agglomerate 


Poor caking 


High-volatile A bituminous 1 
Good caking 


Medium-volatile bituminous 


Roslyn-Casce ade 1 
Wilkeson-Wingat« 


TABLE 2. ANALYSES OF COALS USED IN STOKER TRIALS, AS-FIRED 
BASIS@ 

Roslyn Roslyn- 

Coal Harris McKay 5 Cascade 1 
Sizes Unientscisesrs = 8/43/16 7/30 3/4-1/4 3/s-0 

Analysis: i 

Moisture, per cent...... A 15.8 10.8 FS 310 
Volatile matter, per cent..... 32.9 38.2 38.0 37.0 
Fixed carbon, per cent... 38.8 46.5 46.5 48.7 
Ash, per cent. .....< Hae 12°55 4.5 11.9 11.3 
Calorifie value, Btu per ibe 9850 11800 12390 12770 
Softening temperature of ash, F. 2910 2160 2340 2635 
Agglutinating value, grams.......... 0 0 700 2300 
Caking properties®. Save erage eters NaAa NAb Aw Cp 


@ Analyzed under supervision of H. M. Cooper, chemist, Pittsburgh Station, U. 8. Bureau 


of Mines; ultimate analyses were made also but are omitted. 
b NAa designates a nonagglomerate, noncoherent, volatile-matter residue; 


agglomerate, slightly coherent residue that may be crushed by a 500-g weight; 


agglomerate; Cp, poor caking; Cg, good caking. 


same general area showed a value of 6430. Samples of the Elk- 
horn bed in eastern Kentucky and the No. 6 bed in cen- 
tral Illinois had values of 4200 and 2120. 

Table 2 shows the proximate analyses, calorific values, 
softening temperatures, and agglutinating values,’ or caking 
strengths of the five coals. 


ash- 


Sroxers Usep For TEsts 

Fig. 1 shows the principal parts of the overfeed stoker used in 
the work. The flat retort of this stoker gives a thin fuel bed 
typical of this method i burning. The available space on the 
retort is 9 in. wide X 8 in. long, giving a fuel-bed area of 0.5 sq 
ft. A sliding gate over the opening in the feed tube and the de- 
sign of the screw allow the rate of feed to be varied between 10 
and 25 lb of coal per hr. 

Fig. 2 shows the underfeed stoker, installed in the hot-water 
furnace which was employed with both stokers, and the testing 
equipment. The retort of this stoker is of the usual pot type with 
an upper rim 11 in. in outside diam. The thickness of the fuel 

7“Test for Measuring the Agglutinating Power of Coal,” by S. 


M. Marshall and B. M. Bird, Trans. American Institute of Mining 
and Metallurgical Engineers, Coal Division, vol. 88, 1930, pp. 340-383. 


NAb, a non- 


serew to be varied to feed between 11 and 27 lb 
per hr. 
FURNACE AND BOILER 


The boiler shown in Fig. 2, is of a size and type 
commonly used in residential heating by stoker or 
oil firing and comprises six vertical cast-iron sec- 


eee It has 52.6 sq ft of heating surface and a 


Wingate tions. 


15/s-0 rated capacity of 565 sq ft of steam radiation or 905 
46 sq ft of water radiation. The firebox is 23 in. wide, 
oe i 20!/. in. long and 30 in. high from the top of the 
11.9 brick base to the crown sheet, giving a normal vol- 

a ume of 8.24 cu ft. 

sai The distance from the grate of the overfeed stoker 


to the crown sheet was 26.5 in. The ashpit below 
the boiler in the brickwork was 4 in. deep and of the 
same cross-sectional area as the firebox. Ashes were 
removed through a door in the back section of the 
boiler. With the underfeed stoker, the distance 
from the top of the retort to the crown sheet was 22 in., but the 
floor of the refractory surrounding the retort was 2 in. below this, 
making the effective height to the crown sheet 24in. The clinker 
was removed by means of tongs through the fire door. 


Aw, weak 


TESTING THE OVERFEED STOKER 


The testing procedure for the overfeed stoker included a 2-hr 
adjustment period, an overnight hold-fire period, a 2-hr preheat- 
ing period the following morning, and an 8-hr test period, during 
which the data were collected. 

Immediately after the second 2-hr period, the stoker was 
stopped, the hopper and ashpit cleaned, a weighed quantity of 
coal was placed in the hopper, and the test was commenced. The 
useful heat recovered during the trial was measured by passing 
water through the boiler to two tanks set on dial-type platform 
scales, by means of which the heated water was weighed. The 
flow of water through the boiler was regulated to give a hot-water 
temperature of approximately 150 F at the outlet, while the 
temperature of the cold water fed to the boiler was about 50 F. 

Continuously, throughout the test period, a sample of the flue 
gas was withdrawn from the smoke pipe at a constant rate, as 
determined by a flowmeter, and subsequently analyzed for carbon 


Fie. 2 


UNDERFEED Stoker, Hot-WarTeEr Boer, AND EQuIiPMENT USED IN CoAL-BuRNING TRIALS 


YANCEY, JOHNSON, CORDINER—BURNING OF WASHINGTON COALS ON DOMESTIC STOKERS 


dioxide, oxygen, hydrogen, carbon monoxide, methane, and un- 
saturated hydrocarbons. An absorption-type CO». recorder 
showed conditions during the test period. 

The temperature of the flue gas was measured with a recording 
pyrometer, supplemented by the reading of an etched-stem 
mercury thermometer. The same method was used for deter- 
mining the temperature of the hot water, except that a recording 
mercury thermometer was used instead of a thermocouple. 

The condition of the fuel bed in the retort was noted from time 
to time through a Pyrex-glass observation window in the back 
door of the furnace. Comparative smoke readings were taken 
during the test at 15-sec intervals over a 30-min period, by com- 
paring the density of the smoke with a Ringelmann chart. 

At the end of the test, the soot was collected from the flue 
passages, smoke hood, and from the inside of the furnace by means 
of a vacuum cleaner. 


UNDERFEED-STOKER TESTS 


The procedure for testing the underfeed stoker was similar to 
that for the overfeed stoker, with a few differences. Immediately 
after the second 2-hr period, the clinker was removed from the 
fuel bed and the thickness of the bed was recorded. The bed was 
observed periodically through the fire door. At the end of the 
test period, the clinker was removed. If necessary, enough loose 
ashes and coke or char were removed to give the same thick- 
ness of fuel bed as at the beginning of the test and appropriate 
adjustment was made. 


EFrrecr oF CAKING PROPERTIES 


A comparison of the behavior of four of the five coals on both 
types of stokers, as indicated by the heat balance, is given in 
Table 3. The four coals tested were McKay, which is noncaking; 
Roslyn 5, weakly agglomerating with an agglutinating value of 
700; Roslyn-Caseade 1, poor caking with an agglutinating value 
of 2300; and Wilkeson-Wingate, good caking with a value of 
10,240. This is a range in caking properties from a coal which 
would produce only char on carbonization to one which would 
give a strong blast-furnace coke. 
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All of the tests reported in this paper are continuous, that is, 
they do not simulate the off-and-on or intermittent operation of 
ordinary domestic-stoker operation. The latter type of burning 
also was used but is not reported in detail here. The ultimate 
effect, of course, is to lower the feed rate and allow more time for 
burning. The composition of the coal with respect to size is also 
an important factor in fuel-bed behavior, as is well known. For 
example, when the material finer than 4 mesh was removed from 
the 0 to 2/s-in. Roslyn-Cascade coal (the one with the greater cak- 
ing strength), it was burned continuously at about the same rate 
of feed with an efficiency of 57 per cent, eompared to 46.5 per cent 
when unsized, and intermittently when sized with an efficiency 
of 65 per cent. This coal, however, would not be satisfactory for 
overfeed-stoker use and is not sold for that purpose. 


CaKkiInG Coats ON UNDERFEED STOKER 


Table 3 also shows the results of continuous burning trials with 
the underfeed stoker on three caking coals, two of which, those of 
least caking strength, Roslyn 5 and Roslyn-Cascade, were burned 
on the overfeed. In contrast to the low efficiencies obtained with 
these two coals on the overfeed, they were burned with high 
efficiencies, 78.4 and 78.7 per cent, on the underfeed. The strong- 
est caking coal, Wilkeson-Wingate, was burned with about 
equally high efficiency. 

Differences in the caking properties of these coals affected 
conditions in the fuel beds. For example, as the agglutinating 
values of the coals increased, the resulting coke was less reactive, 
the formation of coke trees increased, and the fuel beds increased 
in thickness. Caking coals appeared to burn with thick fuel beds 
on the underfeed stoker, the thickness depending upon the natu- 
ral accumulation of loose ashes, clinker, and coke. At the be- 
ginning of a test, just after a clinker was removed, the accumu- 
lation of loose ashes and coke gave a fuel bed that ranged in 
thickness from 3 to 7 in. above the top of the retort, according to 
whether the coal was weakly or strongly caking. As the test 
progressed, the thickness of the bed increased, owing to the for- 
mation of clinker. Just before the clinker was removed, either at 
the end of the test or at such time during the test as clinker re- 

moval became necessary, the thickness of the main 


TABLE 3. PRINCIPAL RESULTS OF STOKER TRIALS OF CAKING COALS part of the bed ranged from 7 to 9in. The coke trees 
Stoker ———-Overfeed- ~ Underfeed protruded occasionally as much as 9 in, above the 
Roslyn- _ Roslyn- ep Rated 
Ros- Cas- Ros- Cas- Wilkeson- main part of the bed. 

Coal McKay lyn5 cadel lyn5 eadel Wingate Although large quantities of coke accumulated at 
Rate iOuper UE scales. cpr sis ns 13.3 13.4 14.2 15.5 16.7 17.0 ae ye Sabra Hebi Bate a euley: 
Ageglutinating value, g.........- -0 700 2300 2020 3120 —-10240 various times during the burning trials, no difficulty 
Rapa na ae ede oy 238 351 eid 498 536 was experienced in burning it, even with the strongest 
Conteris hhc tee Mahe 11.8 8.4 S855 Lies 12.3 10.3 eaking coal. The fuel bed went through irregular 

Heat balance: i Z ; i fs 5 
Efficiency, per cent........-- 76.8 63.7 46.5 78.4 78.7 79'.9 cy cles of change. Starting ith se low accumulation 
Losses, per cent 7 of coke, the coke built up in an irregular pile, some- 

a ss Ee Beer 5.9 mt Tees 0 0 : : : : 
eae ins Meta ote fh rey EM 07 07 04 nie oy ve times with one or more coke trees extending almost 
Dry flue gases.........---- 8.2 11.8 6.2 12.0 ala ey! 14.8 wn sheet. This buildup of the fue d was 
Moisture and hydrogen... . . 5.5 5.0 4.2 5.4 5.2 4.4 ‘2 the crow = : a : pe ‘: 3 1 be y : 
Combustible in flue gases... 0.0 0.5 6.5 0.0 0.4 0.0 accompanied by a period of slow combustion, during 
pe CERN ies 2.9 6.7 9.0 4.0 4.2 0.5 which the rate of combustion was slower than the 
. The appearance of the f at thi 
100.0 100.0 100.0 100.0 100.0 100.0 tae of feed. The appe e of the fuel bed at this 
Excess air, coal fired, per cent... 48 77 27 58 5 70 time usually was poor. As the cycle progressed, the 
Excess air, coal burned, per cent 59 102 79 58 45 71 


2 By difference. 


CAKING COALS ON OVERFEED STOKER 


The most revealing item in the first part of Table 3, which 
deals with the overfeed burning of three coals that show increas- 
ing caking properties, is the efficiency. As caking increases, the 
efficiency decreases from 76.8 to 63.7 and to 46.5. At the same 
time, the loss of combustible in the refuse increases in the order, 
5.9, 11.6, and 27.2, because the rate at which coal is supplied to 
the retort by the feed worm exceeds the burning rate; caking im- 
pedes the flow of air through the fuel bed. 


coke trees fell and a period of rapid combustion re- 
duced the bed to normal thickness. 

Sherman and Kaiser, and Barnes,’ all of the Bat- 
telle Memorial Institute, have presented a careful analysis of the 
formation and burning of coke in the underfeed fuel bed. Can- 
dee, working at Washington State College, designed a special re- 
tort with fuel-bed agitator to improve the burning of caking coals 


8 “Combustion of Bituminous Coal on the Small Underfeed Stoker,”’ 
by R. A. Sherman and E. R. Kaiser, Trans. American Institute 
of Mining and Metallurgical Engineers, Coal Division, vol. 130, 
1938, pp. 388-401. Also: ‘Fundamentals of Combustion in Small 
Underfeed Stokers,”’ by C. A. Barnes, Bituminous Coal Research, 
Inc., Technical Report 4, 1938. 
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and to remove clinker or ash from the fuel bed automatically.® 
By better distribution of air to the fuel bed and breaking large 
pieces of coke to prevent blowholes, more satisfactory combustion 
was reported to have been obtained. 


Burnine or NONCAKING COALs 


Two coals, McKay and Harris, both of which are noncaking, 
were selected to show, first, the burning characteristics of non- 
caking coals on both overfeed and underfeed stokers and then to 
show the effect of a wide difference in ash-softening temperatures. 
Two different lots of each coal were used in the trials. The ash- 
softening temperatures of the two lots of McKay coal were 2340 
and 2160 F. The variation in the softening temperature of the 
ash of the two lots of Harris coal was less, namely, 2910 and 2900. 


Errect or AsH-SOFTENING TEMPERATURES 


Overfeed Stoker. Table 4 shows the results of the tests of the 
two coals on both types of stokers. In considering the data for 
the overfeed tests, it should be remembered that the McKay coal 
is an unsized product, while the Harris coal is sized, as has been 
shown in Table 2. Despite this difference, nearly the same effici- 
encies, 76.4 and 75 per cent, were obtained. However, the loss 
of heat in combustible in the ashes amounted to 4.4 per cent with 
the unsized McKay coal and 2.1 per cent with the sized but higher- 
ash Harris coal. 

Because of the differences in ash content and in ash-softening 
temperatures, the fuel beds of these two coals were different. 
Although the two coals were burned at nearly the same rate, the 
fuel bed with the McKay coal was only about 2 in. thick, as com- 
pared with a 5-in. bed for the Harris coal. The McKay coal, be- 
cause unsized, gave an irregular bed, sometimes with large blow- 
holes, whereas, the Harris fuel bed was uniform throughout the trial. 


TABLE 4 PRINCIPAL RESULTS OF STOKER TRIALS OF 
NONCAKING COALS 


Stoker Overfeed Underfeed— 
Coal McKay Harris McKay Harris 
Rate, Ib per br, Ac warranted eis: 15.9 14.8 16.9 15.6 
Ash content, per cent............. 4.8 12.0 4.3 13.0 
Ash-softening temperature, F...... 2340 2910 2160 2900 
Stack temperature, F............. 471 422 475 425 
Carbon dioxide in flue gas, per cent 13.5 10.1 12.2 9.3 
Heat balance: 
Efficiency, per cent............. 76.4 75.0 75.0 73.6 
Losses, per cent 

SDLES Taverniotcctaravereteietele ater series 4.4 2.1 0.0 0.0 

BOOL Sn «cm tose ceveterinies eeetornece 0.4 0.6 0.4 0.3 
Dry, Mie: Gass vcs ies ow circa seine 9.1 10.9 11.0 11.8 
Moisture, 025 Sdn once ee Osten 1.0 1.9 ee 1.9 

AL VGLOGON. «iste isieve sje cleercetaonnees 4.4 4.8 4.8 4.3 
Combustible in flue gases...... 2.0 0.0 0.5 5.4 
Radiation and unaccounted for? 223 4.7 oe? PARTE 
100.0 100.0 100.0 100.0 

Excess air, coal fired, per cent..... 24 70 44 79 
Excess air, coal burned, per cent... 30 75 45 80 


@ By difference. 


Because of the wide difference in ash-softening temperature, 
the character of the clinker was different. McKay coal gave 
dense, well-fused clinkers; the Harris clinker was porous, friable, 
and fell off the end of the retort in small pieces. Sized McKay 
coal was also tested but, because the rate of feed was lower 
than in the other trials, detailed data are not given. The effici- 
ency of this test (at 12.4 lb per hr), was 73.4 per cent and the 
loss of carbon in the ashes was 0.2 per cent. Conditions in the 
fuel bed were much more uniform than with unsized coal. 

Underfeed Stoker. Coal from the McKay bed is used widely 
for underfeed domestic burning, but the Harris coal is sold only 
for overfeed use. Data in Table 4 show that both coals burned 


»“The Development of a Domestic Stoker to Burn Washington 
Coals,” by E. W. Candee, State College of Washington, Engineering 
Bulletin No. 56, 1938. 
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with approximately the same efficiency on the underfeed and that. 
the efficiency was nearly the same as with the overfeed stoker. 

Combustion of the McKay coal on the underfeed stoker is 
characterized by a thin fuel bed. Because of the low ash-soften- 
ing temperature, dense clinkers are formed close to the tuyére 
ring at the top of the retort. The accumulation of clinker, be- 
cause of the low ash content of the coal and the high density of 
the clinker is slow. Nevertheless, this type of clinker, if allowed 
to accumulate too long, checks the flow of air supplied by the fan. 

That a heat-balance statement, showing a reasonably high ef- 
ficiency, fails to disclose the general suitability of a coal for stoker- 
burning, is exemplified by the data for the test of Harris coal on 
the underfeed stoker. Five underfeed trials were made on the 
Harris coal and the results of only the best of these is shown. 
Hence, the data do not truthfully represent the difficulty experi- 
enced in burning this coal on the underfeed stoker. To obtain 
these results, it was necessary to use considerable excess air and 
to carry a thick fuel bed. Because of the high ash-softening 
temperature, 2900 F, only 6 lb of clinker strong enough to be re- 
moved with tongs were formed. The remaining 10 lb were 
present in the fuel bed as loose ashes. Thus, the high ash-soften- 
temperature, although advantageous with the overfeed stoker, 
renders this coal unsuitable for underfeed burning. 


SUMMARY AND CONCLUSIONS 


In general, it is concluded from the foregoing tests that the 
overfeed stoker is suitable for noncaking coals which have a 
wide range in ash content and ash-softening temperature. Even 
coals with very refractory ash fusing above 2900 F are suitable. 
No coals with an ash fusibility below 2100 F were tested. Be- 
cause ashes are eliminated from the overfeed fuel bed as they are 
formed, large quantities of ash are easily discharged. 

As is well known, caking coals are unsuitable for overfeed 
stokers. Weakly caking coals, even when burned in a sized 
condition, gave a low efficiency because excessive amounts of 
unburned coke were lost in the ashes. In contrast, weakly caking 
coals were burned with high efficiency on the underfeed stoker. 

Two noncaking coals, one having a low ash content and low 
ash-softening temperature and the other having a medium ash 
content and high ash-softening temperature, proved satisfactory 
for overfeed burning, but the one with a medium ash content and 
high ash-softening temperature was unsatisfactory for underfeed 
burning, because the ash could not be fused to a clinker. 

Both noncaking and caking coals may be burned satisfactorily 
on the underfeed stoker. Only one coal strong enough in caking 
properties to be used for manufacturing metallurgical coke was 
tested. This coal was burned in the underfeed stoker with a high 
efficiency, but some strongly caking and swelling coals are known 
to give difficulty. With respect to ash content and ash-softening 
temperature, the bituminous-type underfeed stoker ordinarily is 
limited to the burning of coals having low to medium ash contents 
and not too high ash-softening temperatures. 
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The Radiation of Furnace Gases 


By H. C. HOTTEL? 


Data of various investigators on the emission and ab- 
sorption of radiation by carbon dioxide and water vapor 
are reviewed critically. Recommendations of procedure 
in calculation of heat transmission by gas radiation are 
given, Fig. 3, with Equation [7] or [8] for carbon dioxide 
and Fig. 10 with Equation [17] for water vapor. Partial 
pressure P, of water vapor, at a constant value of PoE: 
affects gas radiation, but probably to a much smaller 
extent than has been reported in previous literature. A 
simplified procedure is presented to allow for the effect 
of the gas shape on radiant heat interchange. 


HE last fifteen years have witnessed a recognition by 

engineers of the importance of infrared radiation from 

gases in affecting heat transfer, especially at high tem- 
peratures where radiation from such gases as carbon dioxide and 
water vapor may be several times the heat transmission due to 
convection. Within the last ten years the basis of estimation 
of such heat transfer has changed from one dependent on in- 
adequate measurements of the infrared absorption spectrum at 
room temperature, combined with a series of simplifying as- 
sumptions, to one dependent on direct measurement of total 
radiation. Since such experiments are somewhat difficult and 
the range of variables to be covered is great, it is not surprising 
that no complete agreement exists at present as to the procedure 
engineers should adopt in the calculation of radiant heat transfer 
from flue gases. It is the object of this paper to examine critically 
the data obtained by various investigators, to present some new 
data, and to consider whether it is possible to resolve the conflict 
of existing recommendations. 


GENERAL FORMULATION oF Heat INTERCHANGE BY GAS 
RADIATION 


There is both an experimental and a theoretical basis for 
expecting emission and absorption of radiation by gases to have 
importance in any high-temperature heat exchanger involving 
the presence of heteropolar gases, 1.e., gases whose molecules are 
composed of atoms carrying charges. Since all gases except the 
elementary gases such as hydrogen, oxygen, nitrogen, and argon 
are to some extent heteropolar, only these elementary gases are 
free from infrared absorption and emission bands. Infrared 
gas radiation of importance in heat transfer is due to changes in 
the energy levels of the molecule owing to its rotation and inter- 
atomic vibration. 

The net interchange of radiation between a gas and some other 
body, due to one radiating (and absorbing) component of the 
gas, can be represented by the following general formula 


q/ A) net = (Eq — Ag,s) =fi(L, Pe, Pr C, T@) 
—f(L, Pg, Pr, C, Ta T's) 


where 


1 Associate Professor, Fuel Engineering, The Massachusetts In- 
stitute of Technology, Cambridge, Mass. Mem. A.S.M.E. 

2 The Massachusetts Institute of Technology, Cambridge, Mass. 

Contributed by the Heat Transfer Group and presented at the 
Annual Meeting, New York, N. Y., Dec. 2-6, 1940, of Tue AMERICAN 
Society or MECHANICAL ENGINEERS. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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= 


AND R. B. EGBERT? 


q/Alnet = net heat transfer (Btu)/(hr)(sq ft) 

Eq = emission from gas to other body 

Ags = absorption, by gas, of radiation from other body 

P, = total pressure (constant at one atmosphere for 
present field of interest) 

Pg = partial pressure of the radiating constituent of 
the gas, atm 

Cc = composition of the remainder of the gas 

L = length of radiant beam through gas mass, ft 

Tq = gas temperature, deg R 

Ts = temperature of other body (generally a surface) 


with which gas is exchanging heat, deg R 


The effect on total emission of the composition C of the diluent 
is but incompletely known. Measuring the infrared absorption 
spectrum of carbon dioxide, Hertz (1)* found that hydrogen as 
a diluent gas in place of air increased the absorption by a small 
but definite amount, while the use of nitrogen or oxygen in place 
of air as diluent made no appreciable difference. Hence, at least 
in the case of carbon dioxide, variation in composition of the 
diluent nonradiating fraction of flue gas, which consists mainly 
of nitrogen with varying amounts of oxygen, will not affect the 
radiation from the gas, and can be ignored. 

The heat-transfer relation now simplifies to 


q/A) net = fi(L, Pg, Tq) —fAlL, Pa Ta T's) 


Even this simplification leaves a large number of variables. 
Schack (4) and Hottel (8), in the absence of direct data, made 
two assumptions. The first was that the number of molecules 
in the path determined Eg or Ag,s, i.e., that the effect of Pg and 
L entered as a single variable, the product PgL. The validity 
of this relation, known as Beer’s law, had been examined in con- 
siderable detail by Hertz (1) in connection with carbon dioxide, 
and less completely by von Bahr (2). Hertz found that at a 
fixed total pressure the absorption depended upon PgL and was 
substantially the same whether pure carbon dioxide and a short 
path length or a lower partial pressure and longer path length 
were used, so long as total pressure was held constant by a non- 
radiating gas such as air. As already stated, the use of hydrogen 
instead of air resulted in a small but definite increase in ab- 
sorption, about 2 to 5 per cent, depending upon the absorption 
band studied. Von Bahr examined a wide range of gases and 
compared the absorption of monochromatic radiation by pure 
gas at one atmosphere in 3-cm path lengths with absorption by 
the same gas at 1/11 atm partial pressure and a 33-cm path 
length, the total pressure being maintained at one atmosphere 
by air or hydrogen. Generally, her measurements were re- 
stricted to a single spectral region near the peak of an absorption 
band. She found that, at constant total pressure and tempera- 
ture, the absorption was dependent on the term PgL alone for 
all bands investigated for carbon monoxide, carbon dioxide, 
methane, ethylene, acetylene, methyl ether, ethyl ether, and for 
the 3.0u band for ammonia. For the 6.31 band of ammonia, 
1/11 atm and 33-cm path length produced only 90-95 per cent 
as much absorption as one atmosphere of ammonia in a 3-cm 
path length. Becker (5) found for HCl at the 3.3-3.54 band a 
somewhat lower absorption when partial pressure is down and 
total pressure is maintained with air than for pure HCl at one 
atmosphere and a correspondingly shorter length, at constant 


3 Numbers in parentheses refer to Bibliography at end of paper. 
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PL. It appears, therefore, from the work of Hertz, von Bahr, 
and Becker that at a constant total pressure of one atmosphere 
Beer’s law is adequate for carbon dioxide but may lead to error, 
probably small, for certain other gases, notably ammonia. 
Water vapor, on which no data of this type are available, is 
chemically more similar to ammonia than to the other gases 
studied. 

The second assumption was that, at a given Pgh, the ab- 
sorption by a gas at any temperature 7'g of radiation from a 
surface at 7's was equal to the emission from a gas at 7's (an 
assumption which is exact when 7'g = T's, by Kirchoff’s law). 
That is, at constant PgL and surface temperature the absorption 
by the gas, of radiation from the surface, is independent of gas 
temperature, even though increasing the gas temperature at 
constant PgL decreases the number of radiating molecules. As 
will be shown later, this assumption is not always justifiable. 

These two assumptions permitted a further simplification of 
Equation [1] or [2] to the form 


q/A)net — fi(PeL, T@) —fi(PgL, Ts) ene ween) Sipe. ollty, [3] 


that is, to a single function f; of two variables PgL and T, evalu- 
ated successively at 7’, and 7's. 


Direct MEASUREMENTS 


The direct measurement of total gas radiation, made by 
sighting a total-radiation pyrometer through the gas onto some 
sort of background, is actually a measurement of net radiant 
heat interchange between the thermopile surface and what it 
sees, which latter may be gas or gas with a black-body back- 
ground. Two methods of taking data are used. One employs 
a black body at room temperature as a background or makes use 
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ComPaRIson OF Data on Carson Drox1pDE EMISSION 


TABLE 1 SUMMARY OF EXPERIMENTAL MEASUREMENTS ON CARBON DIOXIDE 
Back- 
Path Partial] Gas ground 
length pressure temp temp Diluent , h 
Author L, ft Pc, atm te, F ts, F gas Knowledge of L Uniformity of Teé Stray radiation Other comments 
Hottel and {0.002 70 —297 Dry Concentration _ tra- Uniform to 2 F 1.3% of black-body Radiometer sighted horizon- 
Mangels- {0.005 to and CO:- verse made. Sharp radiation at gas tally through horizontal 
dorf, 1935 0.010 1910 70 +2 free gradient within temperature tubes with nozzles at ends 
0.020 to air isothermal zone; and hot-dry air protection 
1 68 {0.080 2480 established L to at ends to prevent ab- 
|0.167 2% sorption at edges of zone. 
{0.500 Mirror in radiometer only 
{1.000 : 
Hottel and 0.64 0.241 2568 70 +2 Nz: + No concentration Very narrow angle Not determined. Narrow-angle radiometer 
Smith, 1935 to to to Os traverse. Reliance required by radi- Should be neg- sighted through long 
1,312 0.369 3778 upon boundary ometer so that ligible, as no hot Meker flame from com- 
between premix beam passed surfaces present bustion of CQO-air and 
flame and air through isother- CO-air-oxygen mixtures. 
mal gas zone. Mirror in radiometer only. 
Sharp temp gradi- Radiation is due to prod- 
ents at end. Temp ucts of combustion only 
measured by so- 
dium-D line re- 
versa] method 
Eckert, 0.0355 Z No concentration Good, Traverse Impossible to sepa- Apparatus involves two 
1937 0.062 212 traverse but a cal- given. No pro- rate stray from nozzles at bottom and 
0.13 to pila) N culation of one tecting air column mirror emission.‘ mirror in top of vertical 
2.14 0.25 752 made. Actually an at end except that Control experi- furnace. Plane mirror 
(0.50 error of 5 cm can due to partially ment indicated outside of furnace. Ther- 
{1.00 be introduced preheated room total stray and mopile hence sees three 
under poor condi- air emission from mirrors in all. Originally, 
tions according to mirror was 1.8 to He used as diluent but 
experience of H.&M. 2.6% of black reacted with CQO» To 
with flow through body at gas temp prevent heavier CQO:-N: 
similar nozzles mixture from mixing by 
gravity with air below 
furnace, high velocity 
through nozzles was used 
0.056) (760 Same remarks as Same remarks as Stray = 1% of Apparatus similar in prin- 
0.122 to 75 N: above above black body at gas ciple to H.&M, except 
0.334 40.23 2300 temp that, instead of gas bound- 
0.49 390 ary formed by dry CO- 
{1.00 2300 free air at high tempera- 
ture, partially heated un- 
scrubbed atmospheric air 
is used 
9.7 f0.46 } 212 «75 H No concentration Uniform in furnace, Totalstray + emis- Vertical furnace with mirror 
: 10.23 oe = traverse; no nozzle gradient occurring sion from mirror in top in hot zone. Back- 
«% system to obtain over 10 cm length + reflection of ground was flat surface 


sharp boundary 


background = 
6% of black 
body at gas tem- 
perature 


at ends 
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of a mirror so that the radiometer is its own background. This 
method yields emission characteristics only when the gas tem- 
perature is high enough to make negligible the term representing 
absorption, by the gas, of radiation from a black body at room 
temperature. The second method requires black bodies at 
different temperatures, ranging from liquid air to temperatures 
exceeding 2000 F, and permits separation of emission and ab- 
sorption characteristics of the gas. Until this type of measure- 
ment is made there is a question as to the validity of using the 
net interchange factors, calculated from data obtained by the 
first type of measurement, as a basis for heat-transfer calculations. 

The first experimental measurements were those of Lent and 
Thomas (6) on products of combustion of blast-furnace gas 
flowing in a duct four feet in diameter. A radiometer was 
sighted through the gas stream onto a water-cooled black sur- 
face. Uncertain path length and presence of considerable stray 
radiation make the data reliable to probably no better than 20 
per cent. 

Schmidt (7) next published the results of the first compre- 
hensive investigation of water-vapor-radiation interchange 
between pure steam at different path lengths and temperatures 
and a blackened surface at room temperature. 

Hottel and Mangelsdorf (8) studied steam-air mixtures, 
earbon dioxide-air mixtures, as well as steam-carbon dioxide- 
air mixtures, and measured both emission and absorption by 
using hot and cold black-body backgrounds. They varied the 
partial pressure and temperature of the radiating gas and kept 
the path length constant. 

Hottel and Smith (9) measured emission from products of 
combustion of carbon monoxide and carbon monoxide-hydrogen 
mixtures at temperatures up to 3780 F. 

Eckert (10), like Schmidt, measured the net interchange 
between the gas and a surface at room temperature, studying 
mixtures of carbon dioxide and nitrogen, carbon dioxide and 
hydrogen, and steam and nitrogen. Eckert varied the partial 
pressure and the temperature and varied the path length by the 
use of three different furnaces. 

Eberhardt (11) measured the radiation from the flue gases in 
a steel reheating furnace, by sighting a radiometer across the 
gas within the furnace, through two openings, one in each side of 
the furnace, onto a black body. The gas contained both carbon 
dioxide and water vapor and had a path length of 14 ft. The 
temperature and the partial pressures of the radiating gases were 
varied. 

Brooks (12) measured the emission and absorption of atmos- 
pheric air containing both carbon dioxide and moisture, at room 
temperature, and varied the path length. 


CarBon D10xIDE 


The extent of the experimental investigation of carbon dioxide 
is indicated by Table 1 and Figs. land 2. As already mentioned, 
Hertz (1) and von Bahr (2) found that Beer’s law was valid for 
the various monochromatic absorption bands of carbon dioxide, 
and Eckert’s results on three furnaces of different lengths support 
the same conclusion. Hence the radiant heat interchange be- 
tween carbon dioxide and a bounding surface in industrial high- 
temperature heat-exchange equipment, which is generally 
operated at a fixed total pressure of one atmosphere, is dependent 
upon three operating variables, namely, gas temperature, surface 
temperature, and the product of path length by partial pressure 
of carbon dioxide, PL. 

Fig. 1 indicates the range covered by the three most compre- 
hensive investigations, namely, those of Hottel and Mangelsdorf 
(8), Hottel and Smith (9), and Eckert (10). Gas temperature 
is plotted against P,L. Each cross-hatched rectangle represents 
the range in which emissivity can be obtained by direct interpo- 


a 


lation of the actual data points of a particular investigator. As 
can be seen from Table 1, Eckert used a black-body background 
at room temperature only. Hence his measurements were re- 
ported as a pseudoemissivity €g’, which is a net interchange factor 
between the gas and a black body at room temperature defined 
as follows 


nen ae 
Gg o(T¢ ial T ;') Ais Oy, oS Caieh cnt OR. oO Oe 
where 


Eg = gas emission 
Agr = absorption, by gas, of room temperature radiation 


Tg = gas temperature 
Tr = room temperature 
o = Stefan-Boltzmann constant 


As the temperature of the gas increases eg’ approaches the true 
gas emissivity €g=(H¢/oT¢*), and above 1000 F the two can for 
all practical purposes be considered equal. For comparison with 
Eckert, the results of Hottel and Mangelsdorf have been con- 
verted to €g’ wherever that quantity differs from €g. The 
numbers in the small circles in Fig. 1 represent the percentage 
difference between the recommendations of the two investi- 
gators, 1.e. 


€G’, H. & M. — €G’, Eckert 
Number = ( * Se \) Oe 


if 
€G ,H.aM 


Since the data of Hottel and Smith on carbon monoxide flames 
(top rectangle of Fig. 1) were used by Hottel and Mangelsdorf 
in establishing the high-temperature extrapolation of the latters’ 
final recommended curves and since the flame measurements 
were accurate to about ten per cent, the agreement of the H.&M. 
extrapolation is likewise within +10 per cent of direct experi- 
mental data. This is indicated by the top number in the large 
circle. The lower number in the same circle is the percentage 
difference between Eckert’s extrapolations and the H.&M. 
extrapolations. Fig. 2 likewise compares the two main groups 
of data; ¢g’ is plotted as a function of temperature for several 
values of P,L, with indication of whether each curve is based 
on data or extrapolations. An examination of both figures 
indicates that the recommendations of Eckert and of Hottel and 
Mangelsdorf agree to within 5 to 8 per cent in the range of 
temperature and P,L where both investigators have experimental 
data. Outside this range at.temperatures below 2000 F, dis- 
crepancies of 15 to 20 per cent exist. At high temperatures 
(about 3200 F) Eckert’s recommendation is considerably higher. 

Both Eckert and Hottel and Mangelsdorf took great care 
in measuring temperatures and kept errors caused by stray 
radiation down to less than 1.5 per cent of black-body radiation. 
The latter investigators determined the path length by a concen- 
tration traverse and used hot, dry, CO:-free air as a windowless 
boundary to confine the radiating gas. Runs were made only 
when concentration gradients at the end were sharp and the 
temperature uniform through the center chamber. Although 
Eckert did not make such a concentration traverse, he used a 
system in which gas flow was probably somewhat steadier than 
that of Hottel and Mangelsdorf, and the concentration gradients 
at the boundary of his gas layer were probably satisfactory. 
Eckert allowed room air containing water vapor and carbon di- 
oxide partially heated by the apparatus to form the boundary 
confining the radiating gas. As a result, concentration and 
temperature gradients occur simultaneously in the boundary 
layer, and the boundary gas contains some carbon dioxide and 
water vapor. This possibility of error may explain the dis- 
erepancies in the recommendations of the two investigators. 

In addition to studies of emission, Hottel and Mangelsdorf 


300 


TRANSACTIONS OF THE A.S.M.E. 


MAY, 1941 


EMISSIVITY OF CARBON DIOXIDE 


GAS EMISSIVITY 


oO lem) oO oO (<> ] oO Oo oO 
ro) oO oO oO oO ro} oO So 
+ © Oo oO a re) N oO 
= N fat) OO ine) (op) 
° 
TEMPERATURE F 
Fic: 3 RecomMMENDED WORKING Piotr or CarBon DrioxtpE RapIATION 
made measurements of absorption, by the carbon dioxide, of | where 
black-body radiation from backgrounds at different tempera- yy. 
hocen “h 2 E Qg,s = absorptivity of gas at 7, for radiation from a 


They found that, on maintaining the path length and 
partial pressure of carbon dioxide and the temperature of the 
source of black-body radiation all constant and varying the gas 
temperature, the absorption of radiation by the gas increased 
with an increase in gas temperature. Tingewaldt’s (13) measure- 
ments of the absorption of monochromatic infrared radiation by 
carbon dioxide at various temperatures have confirmed the 
aforementioned result. 

Although this finding prevented the simplification of the heat- 
transfer relation from the form represented by Equation [2] 
to that represented by Equation [3], an empirical relation be- 
tween gas absorption and gas emission was established; conse- 
quently a single plot of emissivity in terms of T and PL is suf- 
ficient to determine both the total emission of radiant energy and 


the absorption of black-body radiation by carbon dioxide. Ab- 
sorption is given in terms of emission by the relation 
T g\ 0-85 
ags = (7°) €s3,P.LTs/T@ aisieletsisia\e eiate 6) sie [5] 


black source at T's 
€8,P-LTG/Ts gas emissivity at temperature 7's and at 
pressure-length product equal to P,LT 4/7 


A study of Table 1 and Figs. 1 and 2 does not permit an 
unequivocal decision as to which data to recommend for use. 
However, since the data of Hottel and Mangelsdorf are in good 
agreement with Eckert in the range covered by him and their 
extrapolation to high temperatures is in good agreement with 
Hottel and Smith’s data, the H.&M. data have been used as 
a basis for constructing a working chart of emissivity versus 
temperature, for various values of P,L. Such a chart appears 
as Fig. 3, to be used for evaluating terms in the expression for 
net radiant heat interchange between gas containing CO; and its 
bounding surfaces 


q/A) coz «(Eg — Ag,s) 


HOTTEL, EGBERT—THE RADIATION OF FURNACE GASES 


ll 
oO 
_ 
vy 
nN 
oo 
n 
al 
a 
a 
as} 
o 
I 
—_ 
ele 
O'lR 
Se 
S 


T g\%-% Ts \' 
—_ te) €8,PeLTs/TE ic fm 


« = emissivity (and absorptivity) of gray surface which 
bounds the gas. 


where 


Since the second or absorption term in the bracket is somewhat 
tedious to evaluate, it has been recommended (8) that when the 
gas temperature is high enough to make absorption much less 
important than emission (say, at least one third greater than 
surface temperature, absolute scale), the absorptivity a@,s be 
assumed equal to gas emissivity at the surface temperature, 


Es,p,r. Then Equation [7] simplifies to 


BaN¢ TeciNe 
Alcoz = 0.1723 Pena exer a (| O14: 
q/A]lcoz € | ee (on €S,P¢L Fa | [8] 


This simplified form covers most furnace problems. Eckert 
has presented an analysis purporting to show that for cases in 
which gas temperature exceeds surface temperature the maximum 
error introduced by the use of Equation [8] instead of [7] is about 
4 per cent; but the analysis is incomplete. If, for purposes of 
simplifying the analysis of error, one assumes €8,Pol1/€S,Pcl2 = 
(P.Li/P,Lx)* and €s,p,z/Ec,p-. = (T's/T¢)”, it may be readily 
shown that the error in use of Equation [8] instead of [7] is given 
by 


P= G/T 3) 4 
(T¢/Ts)* +? — CRE Te 


Fig. 3 indicates that 6 varies from +0.3 at 1000 F and high 
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P,L’s to —1.8 at 3000 F and low P,L’s; a varies from 0.85 at 
P.L = 0.005 to 0.25 at PL = 2.0. Using Equation [9] and 
values of a and 6 limiting their range of importance, the per- 
centage of error owing to use of Equation [8] has been calculated 
and is given in Fig. 4. It is apparent that caution should be 
employed in using the simplified form of equation. 

Schack (14) has recently recommended an empirical equation 
for carbon-dioxtde emission, obtained by fitting a simple power 
function of temperature and P,L to the arithmetic mean of the 
Eckert and H.&M. data. Schack’s equation is 


—s tT \ss 
Eg = 0.111 VPL- (5) Btu per sq ft per hr.. .[10] 


tet or \o8 
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Inspection of Fig. 3 for which Equation [11] is proposed as a 
substitute makes it obvious that no such simple form of equation 
can be valid over a very wide range, since eg is proportional to the 
first power of P,L at very low P,L’s and to a power of tempera- 
ture varying from +0.3 at 1000 F and P.L = 2 to —1.8 at 3000 F 
and P,L = 0.01. However, in the temperature range 1000 to 
2300 F and at values of P,L between 0.02 ft atm and 1.0 ft atm 
Equation [10] gives values of emission which are within ten 
per cent of those calculated from the plot in Fig. 3. Outside 
this range the equation is greatly in error. For the absorption 
of black-body radiation by carbon dioxide Schack recommends 
the simplification already discussed—that ag,s equals ¢g. His 
heat transfer equation then becomes 


4 = Te 3.5 Ts 3.5 
q/Alco2 = 0.111 WP,L (ee — (2s. | AElt2] 


This equation may lead to an error of + ten per cent + error 
given in Fig. 4, even in the range for which Schack recommended 
it. By factoring (%~—T's) out of Equation [12], one may 
obtain an expression for an equivalent or pseudoheat-transfer 
coefficient. 

This is 


hoor ra = 0.0039 W/P,L (Tave/100)? 


in which Tave is to an adequate approximation equal to the 
arithmetic average of gas and surface temperatures, degrees 
Rankine. 


WatTER VAPOR 


The results on water vapor are less conclusive than those on 
carbon dioxide, and there is evidence that water-vapor emission 
at a fixed temperature and total pressure is not dependent solely 
upon P,,L, but rather on P, and L separately. The chief in- 
vestigations, summarized in Table 2, have been carried out 
in Danzig by Schmidt (7) and later by Eckert (10) under 
Schmidt’s direction, and at The Massachusetts Institute of Tech- 
nology by Hottel and Mangelsdorf (9). Also at M.I.T. un- 
published data by Eberhardt (11) and Brooks (12) have been 
obtained. Fig. 5 indicates the range of variables covered by the 
various investigators. Since Beer’s law has not been verified 
for water vapor, L and P,, must appear as separate variables. 
The three independent variables P,,, L, and T produce a three- 
dimensional figure, isothermal planes through which are presented 
in Fig. 5. 

Schmidt measured interchange between a thermopile at room 
temperature and its field of view, namely, a jet of pure steam 
issuing from a nozzle at a relatively high velocity (about 60 fps) 
and at temperatures between 250 and 1760 F with a flat black- 
ened plate at room temperature behind the steam jet. The 
partial pressure was kept constant at one atmosphere, and the 
path length L was varied by the use of three different-sized nozzles 
and by the use of mirrors. No concentration traverse was made 
to determine boundary effects, but these must have been appre- 
ciable, considering the well-known injection effects of a jet dis- 
charging at high velocity into a relatively stagnant fluid. The 
longest path length of 0.596 ft was obtained by sighting the 
radiometer across a 6-cm jet onto a mirror, back across the jet 
to a second mirror, and finally across the jet a third time onto a 
blackened flat plate, with the result that the beam of radiation 
passes through six boundary layers. A temperature traverse 
across the jet indicated an irregular variation—as much as 140 F 
at a mean steam temperature of 1090 F. No control experiment 
to determine stray radiation is indicated. Since Schmidt used 
a background at room temperature only, he expressed his results 
as the pseudoemissivity €¢’ already defined. He calculated the 
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TABLE 2 SUMMARY OF EXPERIMENTAL MEASUREMENTS ON WATER VAPOR 
Back- 
Path Partial Gas ground none 
1 t ressure tem temp iluen - . ieee 
Author Tt rs atm [¢a, F ts, F gas Knowledge of Z Uniformity of t¢ Stray radiation Other comments 
Schmidt 0.0325) 72 + None No concentration Poor. As much as No control experi- Radiometer sighted hori- 
1932 | 0.0656 few traverse. Reliance 140 F irregular ment indicated. zontally through vertical 
0.098 250 deg on boundary of variation at higher Possibility of jet of steam discharging 
0.132 1.0 to (room open jet. wo temperatures diffuse reflection into cold air. Beam 
0.197 1760 temp) and 3 passes (1000 F) of nozzle-wall length doubled or trebled 
(0.394) through jet to radiation from by use of mirrors, intro- 
ica8s| obtain Z indicated flat-plate back- ducing edge-effects up to 
in () ground six times 
Hottel and 0.005 —297 Dry Sharpness of gradi- Uniform to 2 F. 1.3% of black-body See comments in Table 1 
Mangels- 0.010 and CO ent tested before Ends __ protected radiation at gas 
dorf, 1935 0.020 70 70 +2 free each run by put- with hot, dry, CO: temp 
0.040 to and air ting in COz and free air 
1.68 0.080 1883 700 analyzing. Runs 
0.167 an only when gradi- 
0.500 1840 ent sharp. L 
1.00 and good to 2% 
2360 
Eckert 0.0305 75 See comments on Good. SeeTable1 See Table 1, Eck- Apparatus has two nozzles, 
1937 0.061 250 (room Eckert’s 2.14-ft ert’s 2.14-ft fur- beam-entrance and beam- 
0.122 to temp) furnace using CO:, nace. Possible exit, at bottom of vertical 
2.14 0.260 750 Ne Table 1 error in method gas furnace. Gold mirror 
0.534 of applying cor- inside furnace, plane mir- 
1.00 rection ror outside 
0.051 Room Same as above Good. Same re- About1% of black- See comments in Table 1 
0.114 290 temp marks as above body _ radiation on Eckert’s 0.334-ft fur- 
0.334 0.206 to No at gas temp nace 
0.49 2300 
1.00 
0.026 Room See Table 1, Eckert’s Uniform in furnace. See Table 1 Vertical furnace with mirror 
O07, to 212 temp Nz 9.7-ft furnace Gradient in ends in top. No nozzles to 
0.810 occurring simul- produce sharp boundary. 
taneously with Background a flat surface. 
conc. gradient. Possibility of fog forma- 
Varied from 70 to tion at boundary from 
212 Fin 10 cm condensation of water 
vapor overflowing from 
apparatus 
Pee PENGTH dioxide might not have been maintained throughout the water- 
a Beast 4 Pe qe ; i vapor runs. The stray radiation determined by a control 
Pott at tt — ea 'T los experiment on dry carbon-dioxide-free air was about 1.5 per cent 
ay PSG aS) oe of black-body radiation, and was subtracted from all radiation 
{1 =f “F798 measurements. 
, 1K tooe ees , 
4.01 When the results of emission were compared with those of 
al ae Schmidt, interesting discrepancies appeared. At small values of 
Zz P,,L Schmidt’s values of eg’ are considerably larger than those 
= calculated from Hottel and Mangelsdorf’s measurements, while 
| bee . . . 
good agreement exists at high values of P,L. These dis- 
crepancies indicated the possibility that PZ was not a single 
% independent variable but that increasing P,, produces a greater 
= increase in emission than a corresponding increase in L. This 
all 4 possibility led Eckert under Schmidt’s direction to make further 
es investigations. 
é Eckert made measurements on three furnaces having different 
+ path lengths. One furnace was similar in design to that used 
Olea | 3 by Hottel and Mangelsdorf, and confined gas having a path 
Aa 000 length of 0.334 ft. The gas temperature was varied between 
0205.1.2 512 51020 02 051.2512 51020 i 
BEAM LENGTH FEET 290 and 2300 F, and the partial pressure of water vapor was 
Fic. 5 RanGr or Vartasies Coverep In Stupims or Warer- Varied between 0.051 and 1.0 atm, using nitrogen as a diluent 


Vapor RADIATION 


emissivity of steam from monochromatic absorption measure- 
ments made by Hettner (15) on a pure steam column 3.5 ft long 
at 250 F, and used this value of emissivity to extrapolate his 
own results to high values of P,,L. 

Hottel and Mangelsdorf measured the emission and absorption 
characteristics of steam-air mixtures, varying gas temperature, 
black-body temperature, and partial pressure and keeping the 
path length Z constant at 1.68 ft. The temperature was uniform 
within 2 F over the entire path length. Before a run was made 
carbon dioxide was passed into the furnace to test the concentra- 
tion gradient. When conditions of operation were such that the 
gradients were sharp, the system was thoroughly flushed free 
of carbon dioxide and watervapor mixtures led into the furnace. 
A possibility of error arises here in that the conditions of opera- 
tion which produced sharp concentration gradients with carbon 


gas. The stray radiation was small, about one per cent of black- 
body radiation, and the temperature was uniform throughout 
the gas column. No concentration traverse was made, and room 
air partially heated by the apparatus formed the windowless 
boundary between the radiating gas and the radiometer black- 
body system. Hence, possible sources of error include that of 
path length owing to possible uncertain boundary effect and that 
introduced by absorption and emission of radiation from the 
water vapor and carbon dioxide present in the air from the room. 

A second vertical furnace contained a gold-plated mirror in 
its top in the heated zone. Radiation from a black body passed 
through one set of nozzles at the bottom of the furnace to the 
mirror, then back down through a second set of nozzles to a plane 
mirror, and thence into a radiometer. The path length was 2.14 
ft, and the gas temperature was varied between 250 and 750 F. 
The emission from the hot gold mirror plus any stray radiation 
that was present was determined by a control experiment with 


HOTTEL, EGRERT—THE RADIATION OF FURNACE GASES 


dry nitrogen in the furnace, and was used to correct the measure- 
ments. Air from the room, as before, formed the windowless 
gas boundary. A concentration traverse at this boundary was 
not made, though one was calculated. 

A third furnace also contained a gold mirror and confined gas 
with a path length of 9.7 ft. This furnace was heated by con- 
densing steam to 212 F and the gas, preheated to the same 
temperature, entered the top of the furnace in back of the mirror 
and overflowed out of the bottom, no nozzle system to get a 
sharp gas boundary being used. A water-cooled flat surface 
formed the background for the radiometer. The radiometer 
used in all of Eckert’s work appears to be of good design, and 
was flushed with dry nitrogen gas. Eckert calculated all his 
results as the pseudoemissivity €g’. 

In Fig. 6 the measurements of the different investigators are 
plotted as a function of P,,L for three different temperatures. 
Schmidt’s results are higher than any of the others and the dis- 
crepancies increase as P,,L is decreased, but the data are in 
better agreement at high temperatures than at low. Eckert’s 
results on his shortest path length agree with Schmidt’s when 
pure steam is used but decrease more rapidly than Schmidt’s 
with decreasing P,,L and are somewhat higher than the values 
calculated from the data of Hottel and Mangelsdorf. Eckert’s 
values calculated from the data on his 2.14-ft furnace lie con- 
siderably below both his own values from the 0.334-ft furnace 
and those of Hottel and Mangelsdorf. The values calculated 
from the data on Kckert’s largest furnace, L = 9.7 ft (taken at 
one temperature only), are lower than all other results. After 
he had examined his own data Eckert concluded that Beer’s 
law does not hold for water vapor. Working at 212 F where he 
had data at a common value of P,, and 7 from three furnace 
lengths plus Schmidt’s data at P, = 1, Eckert concluded that 
the four different measured emissivities could be expressed as a 
single function, the product (emissivity at the value of P,,L in 
question and at P,, = 1 atm) X (power function of By), kes 
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where the power a is a function of temperature only. At tem- 
peratures usually attained in industrial furnaces Eckert had 
data at one path length only, L = 0.334 ft, and hence could not 
verify this equation at high temperatures. However, he assumed 
that it was valid and used Schmidt’s data in conjunction with his 
own to determine the factor (P,,)” at all temperatures. He 
presented this factor graphically as a function of temperature; 
his graph is reprinted here as Fig. 7. 

Eberhardt (11) made gas-emission measurements from a steel 
reheating furnace in an industrial plant. He sighted across the 
furnace through square openings 15 in. in diameter with a 
radiometer which was carefully designed for minimum stray 
radiation and which required an object at 20 ft equal to the 
diameter of its mirror to fill the field of view. Eberhardt deter- 
mined the temperature and concentration of carbon dioxide at 
various points along the line of sight and found that both were 
uniform for a distance of 14 ft, with sharp gradients in tem- 
perature and concentration occurring simultaneously at the 
edges. The carbon dioxide concentration was determined by 
Orsat analysis while the water-vapor concentration was cal- 
culated from the results of careful analyses of the fuel gas. The 
total radiation of the gas owing to both carbon dioxide and water 
vapor was measured with the radiometer. From the known 
path length of 14 ft and measured partial pressure of carbon 
dioxide the contribution of that constituent was calculated from 
Fig. 3 and subtracted from the total measured radiation. The 
remainder was radiation owing to water vapor alone.‘ The 
temperature varied between 1670 and 2370 F, while P,,L varied 
between 1.5 and 2.5 ft-atm. The results were converted to 
show the relation between eg and temperature at three fixed 


4 A small correction for superimposed radiation (see later discus- 
sion) was applied. 
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values of P,L, by assuming that over the small range of P,,L 
involved the slope of the eg — P,,L relation was the same as in 
the H.&M. data. These converted results appear as data points 
in Fig. 8, along with the recommended curves of Hottel and 
Mangelsdorf (solid lines) and Eckert (dashed lines) corresponding 
to the same values of P,,Z of 1.5, 2.0, 2.5 ft-atm. 
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Fig. 9 Comparison OF RECOMMENDED CURVES FOR WATHER-VAPOR 
Emission at 1000 C (1832 F) 


It is apparent that Eberhardt’s data are in excellent agreement 
with the solid lines, the maximum deviation of +10 per cent 
appearing to be random and due to indeterminate experimental 
errors. It is also apparent that the data are considerably higher 
than the curves recommended by Eckert, the calculation of 
which curves involves a correction downward owing to the low 
P,, even though P,,L is high. 

Eberhardt’s data were also corrected to a common temperature 
of 1832 F and plotted as points in Fig. 6. An extrapolation of 
the curve of Hottel and Mangelsdorf would pass through these 
points even though Eberhardt’s data were obtained on a path 
length nine times as great and at correspondingly lower P,’s. 

The emissivity of water vapor as a function of P,,L at 1832 F 
(1000 C) for three path lengths, L = 0.334 ft, L = 1.68 ft, and 
L = 14 ft, according to the recommendations of Schmidt, Hottel 
and Mangelsdorf, and Eckert is plotted in Fig. 9. Since both 
Schmidt and Hottel and Mangelsdorf assumed the validity of 
Beer’s law, one curve suffices for all three path lengths. Eckert’s 
recommendation yields three different curves when his correc- 
tion for the effect of partial pressure is applied. For the longest 
path length, L = 14 ft, values of P,, for the small values of P,,L 
were out of the range covered by Eckert’s plot of correction 
factors. The values for the correction factor at 1832 F, accord- 
ing to Eckert’s plot, can be calculated from the relation: factor = 
(P,,)°*42, It is apparent that at the long path length of 14 ft 
Eckert’s recommendation is quite low. This strongly suggests 
that his correction for pressure is excessive, at least for small 
partial pressures or high temperatures. Eckert himself suggests 
that the deviations from Beer’s law which he found are due to 
association of water-vapor molecules. An increase in the partial 
pressure increases the association, and if associated water vapor 
has a higher emissivity than the unassociated state, then increas- 
ing the partial pressure at constant P,,L should increase the emis- 
sivity. At very low partial pressures or at high temperatures 
the association of water vapor becomes negligible. Therefore, 
if association is the cause of the deviation from Beer’s law the 
law should be valid at very low partial pressures, rarely en- 
countered in industrial practice, and at high temperatures such 
as encountered in most industrial furnaces. The agreement 
between Hottel and Mangelsdorf and Eberhardt as well as the 
fairly good agreement between Hckert’s measurements at his 


5 It is to be remembered that at this temperature Eckert has data 
at only one path length, namely, at L = 0.334 ft. 
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highest temperatures on the 0.334-ft furnace and those of Hottel 
and Mangelsdorf indicate that this is the case. 

Some measurements of the emission and absorption of radia- 
tion from atmospheric air containing moisture at room tempera- 
tures have been made by Brooks (12). A sensitive radiometer 
was sighted through laboratory air upon either of two black 
bodies, one filled with liquid air and the other with hot water. 
The distance between the black body and the radiometer was 
varied from 1.5 to 20 ft. Calibration of the radiometer was 
accomplished by permitting the radiometer to view the black 
body directly. Brooks made an attempt to correct for errors 
owing to inability to eliminate air with moisture and CO; between 
the radiometer and black body in the calibration of the radi- 
ometer, and for errors owing to boundary effects at the black 
bodies and radiometer. The boundary effect was particularly 
bad for the liquid-air-cooled black body as indicated by a visible 
fog which issued forth from it. Brooks’ assumptions regarding 
the nature of these boundary effects were not sufficiently accurate 
to eliminate errors. About 15 per cent of the radiation was 
due to carbon dioxide in the air. When the radiation owing to 
carbon dioxide is subtracted from the measurements the re- 
mainder, radiation from water vapor, is about 40 per cent higher 
than calculations based on an extrapolation to room temperature 
of the H.&M. data at a P; of 0.01 ft-atm, where the path length 
I was the same for both investigators. At Brooks’ longest path 
length (20 ft) his measurements are in agreement with the 
H.&M. extrapolation. Brooks’ measurements, while subject 
to considerable error, confirm Eckert’s conclusion that at room 
temperature an increase in path length at constant partial 
pressure increases water-vapor emission less than does corre- 
sponding increase in partial pressure at constant path length. 
They also indicate that both the Eckert and the H.&M. extrapo- 
lations of emission measurements to room temperatures are 
possibly low. These discrepancies are of no consequence in 
furnace calculations. 

Margaret Fishenden (16) in 1936 published the results of some 
radiation measurements on the products of combustion of city 
gas. Measurements on gas varying from 400 to 1600 F, at 
P,L = 0.205 and P,L = 0.075, yielded results from 5 to 21 
per cent higher than calculations based on the H.&M. data and 
from 9 to 29 per cent higher than the Eckert data. The dis- 
crepancy in each case increased with temperature. Owing to 
stray radiation, uncertain path length, and temperature gradients 
along the line of sight of her radiometer Miss Fishenden’s meas- 
urements are subject to considerable error. Recently she made 
measurement (17), yet to be published, on the absorption of 
radiation from hot black bodies by low-temperature steam-air 
mixtures, measurements which confirmed the inadequacy of 
Beer’s law at low temperatures. 

All these results point to the conclusion that at low tem- 
peratures Beer’s law is not valid, and that some kind of correction 
factor must be used in conjunction with a single family of curves 
involving the three variables, emissivity, temperature, and P,,L. 
However, Eckert’s proposed correction factor seems to be exces- 
sive at low temperatures as well as invalid at high temperatures. 
At very high values of P,,L, theory indicates that gas emissivity 
approaches unity and hence is independent of P,, at constant 
PL. Likewise if association is the cause of the experimental 
deviations from Beer’s law then gas emissivity is independent of 
P,, at constant P,,L at very low values of P,,. Eckert’s correction 
factor, a function of P,, and independent of P,,L, is such that 
unit emissivity cannot be attained at infinite PL unless P,, = 1, 
and it does not become constant when P,, is very small, One 
concludes that the correction factor is therefore theoretically 
unsound and is in error at low values of P,, and high values of 
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A more logical type of correction factor to be used in con- 
junction with the charts already published would be one which 
corrected P,,L instead of emissivity. One such form of correc- 
tion might be 


P,L\p,=1 = PL Jactual (1 —K-+ IIE), 


This form of correction conforms to the conditions that emissivity 
be unity and independent of P,,L at infinite P,,L and that the 
correction become independent of P,, at very small values of 
P,,. Existing data are not sufficient to determine the factor K 
in the foregoing equations as a function of temperature. Hckert’s 
data at 750 F and L = 0.334 ft (his most reliable furnace) and 
that of Hottel and Mangelsdorf can be brought together by 
Equation [14] with K = 0.35. This would give 


PL for use with 
charts based on 


[oa eeneod bik (P,,L) Jactusi* (0.65 + 0.35 Py). . [15] 
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P,,L for use with 
chart based on 
L = 1.68—that of 
H.&M. (Fig. 10) 


= 1.56 {0/1 + 1.97 (Py) Jectua (0.65 + 0.35 P,) — 1}. . [16] 


Since many other functions besides (14) exist which conform to 
the limits imposed by theory, equations such as [15] and [16] 
are certain to be replaced by better recommendations when 
adequate data become availale. Such an experimental study is 
now under way at M.I.T. 

With the extensive and somewhat conflicting data on water- 
vapor emission in mind, particularly the Eberhardt data taken 
in the range of P,, and 7 encountered in furnace practice, the 
authors make tentative recommendations for calculations: For 
temperatures above 1200 F use the chart, Fig. 10, based on the 
H.&M. data, without any correction for deviations from Beer’s 
law. For lower temperatures a correction should probably be 
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used, and [16] is recommended temporarily. In the vicinity of 212 
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The only measurements on the total absorption of black-body 
radiation by water vapor are those of Hottel and Mangelsdorf. 
They found that absorption by a gas at constant P,,L of radiation 
from a black body at a given temperature 7’, is independent of 
gas temperature. Hence the absorption is equal to the emission 
the gas would exhibit if at the temperature 7's of the body. The 


PERCENTAGE CORRECTION 


| 
0 05 08 OT 06 05 04 03 02 01 0 
C02 RATIO, CO2/(CO2+ H20) H,0 


Fie. 11 Correction Dun to SupERIMPOSED RADIATION FROM 
Carson D1ox1IDE AND WATER VAPOR 


equation for radiant heat interchange between gas containing 
water vapor and its bounding surfaces is then of the form of the 
simplified carbon dioxide equation 


ANG ONG 
Als,o = 0.172 =@) és 5n (— )_|..f 
q/Alu,0 = 0.1723 | ere (ca ES, Pol te) | [17] 


where €g and ég are read from Fig. 10 at ¢g and tg and at a com- 
mon P,,L. 

Schack (14), using the arithmetic mean of the H.&M. data 
and those of Eckert, has developed equations for water-vapor 
emission similar to those already presented for carbon dioxide. 
He assumes that the emission increases with partial pressure at 
constant P,, according to Eckert’s recommendation. His 
equation is 


ONG T \3 
q/A\x,0 = 1.08 zeta — oe [Be per sq ft per hr 
Ae a fo [18] 


Between 900 and 2400 F and P,L = 0.02 to P,L = 1.0 ft- 
atm this equation gives values of emission that are from 15 
per cent lower to 15 per cent higher than those calculated from 
Fig. 10 when the path length is 1.68 ft. At other path lengths 
larger deviations may be expected due to the probably excessive 
correction for effect of P,,. The equation is reeommended only 
where errors of 20 per cent can be tolerated. As with carbon 
dioxide, Equation [18] may be converted to yield a pseudo- 
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Mixtures oF CARBON DIOXIDE AND WaTER VAPOR 


The total emission from a gas containing both carbon dioxide 
and water vapor is less than the sum of the emissions due to the 
carbon dioxide and to water vapor, each evaluated as though 
the other were not present, because the emission and absorption 
bands of the two gases overlap. The magnitude of the difference 
between actual emission and the evaluated sum is a function of 
PL, temperature, and relative concentrations of the two gases. 
This difference is designated by the symbol K defined and by the 
following equation 


[Breaths = E, + Ew — K 


Hottel and Mangelsdorf made the only extensive measure- 
ments of emission and absorption of radiation by mixtures of 
carbon dioxide, water vapor, and air. However, the accuracy 
of the determination of K was low since it involved differences of 
quantities of similar magnitude. 

Eckert (10) made calculations of this difference K from the 
monochromatic absorption data. These calculations are in fair 
agreement with the measurements of Hottel and Mangelsdorf. 
This correction term varies from zero at small PL’s to a maximum 
of 10 per cent of the total radiation at the highest PL’s for which 
emission measurements have been made. Hence it is not neces- 
sary to know K accurately when probable errors in the existing 
recommendations for gas emission are considered. Fig. 11 pre- 
sents the difference factor expressed as the percentage K’ by which 
(EZ, + E,,) must be reduced to give H-+, plotted as a function 


B 
poe for several values of P,L + P,L. Since 


K’ varies with temperature and the chart is presented for use at 
all temperatures, K’ may be 50 per cent in error but this introduces 
at most a 4 per cent error in the calculation of the total radiant 
heat transmission from gases containing both carbon dioxide 
and water vapor. 


of the ratio 


Errect oF Gas SHAPE 


The use of a definite value of PgL in calculating interchange 
between a gas mass and its bounding surface presupposes a gas 
shape for which path length Z is constant in all directions through 
the gas. The only shape for which that limitation is applicable 
is a hemisphere of gas radiating to a spot on the center of its 
base. For actual gas shapes a suitable mean value of Z must 
be obtained, the radius of an “equivalent”? hemisphere. This 


problem has been presented in some detail (3), and for various 
gas shapes of industrial importance mean values of L have been 
given. 


Table 3, column 2, gives references for the various 


heat-transfer coefficient by factoring out ([g—T,). Itis : 
shapes studied. Hottel and Port (21) have shown that at very 
hl] HO rad = 0:0824 Pii0-80 oT et ee ncn nce as [19] low values of PgL where Eg (or eg) approaches proportionality 
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to PgL, the value of L for any gas shape radiating to its bounding 
walls approaches as a limit the simple expression, four times the 
mean hydraulic radius of the shape, i.e., four times the gas volume 
divided by the area of the bounding walls. For the range of 
PL encountered in practice, the mean path length L is always 
less. A study of rectangular parallelopipeds of widely varying 
dimension ratios led to the conclusion that a satisfactory approxi- 
mation consists in taking 85 per cent of the limiting value, four 
times mean hydraulic radius. This simple rule works quite well 
for other gas shapes, as borne out by a comparison of the last 
two columns of Table 8, giving values of L for various gas shapes 
for Pgl = 0 and for PgL in the industrially important range. 
Since in the latter range Hg (or eg) varies as about the 0.3 power 
of PgL, a 10 per cent error in choice of L produces only a 3 
per cent error in the calculation of heat transmission. 
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CHICKAMAUGA DEVELOPMENT—A TypicaL MuLTIPURPOSE PROJECT 


Kaplan Turbine Installations of the 


Tennessee Valley Authority 


By G. R. RICH! anv J. F. ROBERTS,? KNOXVILLE, TENN. 


Eight Kaplan turbines recently installed in the Pick- 
wick Landing, Guntersville, and Chickamauga plants of 
the Tennessee Valley Authority have a total capacity of 
300,000 hp at rated head, and in physical size are among 
the largest constructed. The paper reviews the function 
of Kaplan turbine plants in the Tennessee River develop- 
ment as a whole, the determination of turbine require- 
ments, the power-station arrangement, and noteworthy 
features of turbine design, construction, and erection. 


GENERAL DESCRIPTION 


HE development of the Tennessee River, in accordance 

with the terms of the Tennessee Valley Authority Act, 

comprises a series of multipurpose projects for the pro- 
vision of a channel for 9-ft navigation in the river from Paducah, 
Ky., to Knoxville, Tenn., the control of destructive floodwaters 
in the Tennessee and Mississippi River basins, and the generation 
of hydroelectric power. 

The prescribed navigation improvement is accomplished by 
means of locks and a continuous succession of pools, the mini- 
mum levels of which are governed by the drawdown which will 
afford a minimum but adequate navigation channel at the next 
project upstream, while the surcharge levels for flood control 
were fixed with reference to the resultant damage to cities, rail- 
roads, highways, and land. To augment the flow of the Tennessee 
River during the dry season and for the retention of headwater 


1 Head Mechanical Engineer, Tennessee Valley Authority. Mem. 


A.S.M.E. 

2 Principal Mechanical Engineer, Tennessee Valley Authority. 
Mem. A.S.M.E. 

Contributed by the Hydraulic Division and presented at the 
Annual Meeting, New York, N. Y., December 2-6, 1940 of THE 
AMERICAN Society OF MECHANICAL ENGINEERS. 

Norp: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


floods, storage projects are also provided at strategic locations on 
certain of the tributary streams. 

The cycle of operation of the reservoir system is dictated by 
flood-control considerations during the winter and spring months, 
and by navigation and power requirements during the summer 
and autumn. This mode of operation is feasible because large 
floods on the Tennessee River, as at Chattanooga and below, 
occur only between the middle of December and April and are 
due primarily to the transit of typical seasonal storms along the 
river basin, starting at the western end and moving in a direction 
from southwest to northeast. 

Accordingly the basic program is to deplete the storage reser- 
voirs on the tributaries to low level by December 15, and to retain 
water in these reservoirs at safe rates in the interval between 
December 15 and April 15 and, subsequently, at higher rates 
governed by stream flow and use. On the other hand, the main 
river reservoirs are operated during the flood season with par- 
ticular reference to immediate needs at Cairo, Ill., and the lower 
Mississippi River, and are depleted in the fall to a level consistent 
with good navigation; surplus water from the river reservoirs 
being discharged between flood crests on the Mississippi. 

The major physical features of the various component projects 
are summarized for convenient reference in Fig. 2 and Table 1. 
With the completion of Kentucky, Watts Bar, and Coulter 
Shoals, the development will afford 650 miles of high-grade water- 
way, 9,000,000 acre-ft of flood storage (sufficient to reduce flood 
crests on the Mississippi 2 ft between Cairo and the Arkansas 
River), and 1,800,000 kw ultimate hydroelectric capacity. 


DETERMINATION OF PLANT Capacity 


In project planning, the ultimate capacity to be provided at 
each individual plant should be determined in advance, so that 
power-station intakes and draft-tube foundations may be pro- 
vided during the initial construction to accommodate the 
ultimate number of units required. 
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With the regulated flow at each plant established by operation 
of the reservoir system in the combined interest of flood control, 
navigation, and power generation, the determination of ultimate 
plant capacity for any particular project must be approached 
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Size of 
Lock 
Chamber 
Project (Leet) 
Kentucky! 110x600 3 
Pickwick Landing 110x600 63 
Wilson 60x300° 90 
Wnesler &x360 53 
Guntersville x3 5 
Hales Bar 60x267 37 
Chickamauga Ox 58 
Watts Bare 0x30 70 
Coulter Shoals! 60x360 70 
Norris -- = 
Hiwassee -- -- 
z 
Blue Ridge~ = = 
Ocoee No. 1? -- -- 
Ocoee No. 2” -- — 
a 


Great Falls? 


rune 


Under construction. 
Two lock chambers. 
Acquired by purchase of completed projects; denendable flood storaze not fully detormined. 

Generating capacities are based upon actual performance which exceeds guaranteed performance. 


Area at 
Too of 
Gates 


(acres) 


256,000 
146,200 
16, 200 
68,300 
70,700 

5,600 
37,200 
41, 600 
13,900 
0,160 

6,280 

32290 


1,320 


Table 2 sives guaranteed capacities. 
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ASHEVILL 


ELEVATION - FEET ABOVE M.3.L, 


from the standpoint of the power system as a whole. 
method employed has been to determine the ultimate primary or 
continuous energy output of the entire system of plants, based 
upon the regulated flow at each site, and to establish the corre- 
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The 


TABLE 1 PROJECT FEATURES 
Reservoir Power 
Read ) ofrective 

Volume Controlled for Best Present Ultimate+ Capacity During 

at Top Flood Length of Spillvay Backvater Rated Effi- Plant Plant Eigh Flow - 
of Gates Storare Spillvay Canacity Length Head cioncy Capacity Capacity 1926-1927 Flood Tyve of 
(acre-feet) (acre-feet) (feet)  (socond-feet) (milos) (feet) (feet) (on) (lew) (er) Turbines 
6,100,000 4,570,000 960 1,100,000 16),.L 48 51 -- 160,000 7,000 Kaplan 
1,091,000 418,000 80 910,000 52.7 3 56 72,000 216,000 36,000 Kaplan 

600,000 -- 2,212 629,000 15.5 95 & 92 95 & 92 184,000 L)h,000 419,000 Francis 
1,150,000 429,000 2,/,00 687,000 ures 48 48 4,800 259, 200 245,000 Propellor 
1,019,000 282,000 720 625,000 82.1 36 37 72,900 97,200 69,000 Kaplan 

126,000 -- 1,200 -- 39.8 35 35 50,500 50,500 20,000 Francis 

655,000 353,000 720 600,000 59.0 36 4s 81,000 108,000 67,000 Kaplan 
1,132,000 370,000 800 550,000 72.4 52 57 90,000 150,000 150,000 Kaplan 

336,000 30,000 800 500,000 50.0 65 70 -- 96,000 614,000 Kaplan 
2,567,000 2,020,000 300 544,000 72.0 165 160 100, 800 100,800 100,000 Francis 

438,000 365,000 22h 130,000 22.0 190 200 57,600 115,200 115,000 Francis 

197,500 183,000 110 55,000 10.0 1h7 -- 20,000 20,000 20,000 Francis 

76,700 25,900 362 -- 75 110 -- 18,000 18,000 18,000 Francis 

-- -- -- -- -- 250 -- 18,800 28,200 18,000 Francis 
55,100 49,900 450 150,000 -- we -- 29,00 29,1,00 29,000 Francis 
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sponding ultimate peak capacity 
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TABLE 2 TURBINE DESIGN DATA 


required for the entire system, on Guntersville Chickemauga Piclayick Landing 
the basis of an assumed annual Meximum headwater elevation - feet 605 701 130 
Normal headweter elevation - feet 50h 682 113 
load factor of 60 per cent, together —asnimum hesdwater elevation - fect 590 o 1108 
. Normal teilwater elevation - feet 555 635 356 
with an allowance of 15 per cent for Minimum tailwater elevation - feet 550 ée6 326 
; +45 Maximum teilwater elevation - feet 600 97.5 hee 
machine outages and anadditional eee ea tect (not) 2 es a 

allowance to compensate for the — ‘4nimum hoed - feet (net) 5 3.5 5.5 

3 Head for best efficiency and speed - feet ST, 48 56 
loss of capacity from decreased Rated head - feet (not) 36 36 L3 
Rated horsepower 344,000 36,000 48,000 


head at the river plants during 


Maximum horsepower 


39,000 at 39 ft 55,000 at L7 ft 


extreme floods. Additional capac- 
ity at 100 per cent load factor is 
also provided to carry such high- 


Generator continuous rating - (0° C, 0.90 power 


grade secondary energy as may be 
available 75 to 80 per cent of the 
time. 

The minimum ultimate capacity 
assigned to any particular plant 
must be at least large enough to 


Turbine manufacturer 

*Generator manufacturer 

Number of units, present 

Number of units, ultimate 

Value of sigma at rating 

Diameter of runner at throat - inches 
Number of blades 

Blade adjustment 

Rated discharge = cfs at rating 


factor = kva 27,000 30,000 40,000 
Generator capacity - &° C, continuous at 0.90 

power factor = kw 2h, 200 27,000 36,000 
Rated speed = rpm 69.2 ue) 81.8 
Specific speed at rating - rpm 145 161 163 
Head for runaway speed - feet 42 52 60 
Runaway speed - rpm~™ 189 218 200 


Baldwin Southwark 
Allis-Chalmers 


Allis-Chalmers 
Westinghouse 


S. Morgan Smith 
General Electric 


3 5 2 
4 4 6 
1.12 1.32 0.90 
265 264 292 
5 5 6 


Automatic oil pressure 
10,200 at 36 ft 


Automatic oil pressure 
11,200 at 3 ft 


Automatic oil pressure 
9,500 at 36 ft 


utilize the entire regulated flow at Peripheral coefficiency at rating 1 1.79 1.08 
. Peripheral speed, turbine, runaway fpm 13,100 15,070 14,900 
the site at a constant rate of de- peripheral speed, turbine, normal fpn ij, 810 5,180 6,180 
mand or, in other words, 100 per in*taS/een'et reting trom model toot slo +430 ait 
it; Elevation centerline of distributor = feet 558 632 358.583 
cent load factor. The additional Elevation centerline of runner = feet 519 «875 623.0), 31,9 50 
system peak capacity required for Spacing center to center of units = feet 7810" goro" 6010" 
a Ks Weight of rotating element - turbine and generator - 
variable load demand is appor- pound s 9134000 936,000 917,000 
. . . Head for maximum hydraulic thrust - feet 42 Se 6 
tioned among the various projects Maximum hydraulic thrust - pounds 911,000 1,052,000 1,500,000 
. . . . Totel load on thrust bearing 1,887,000 1,988,000 2,1,16,000 
largely in inverse ratio tothe unit —typ0 of thrust boaring Kingsbury King sbury Kingsbury 
incremental capacity cost The Capacity of thrust bearing = pounds 2,000,000 2,075,000 2,700,000 
: e of generator setting Umbrella ‘Umbrella Urbr 
al effect of thi thod of WR of turbi a tor (1b-ft®) 5 o oce 
gener, elect O 1S method oO urbine and generator - 81, 200,000 81,700,000 80,500 ,000 
. 5 Type of scroll case Concrete Concrete c iS 
apportionment is to provide peak- See aiaentasnurer Woodward Noosward 1ue-Chatpere 
. . . ave servomotor: 
ing ca acity at the lants havin Capacity - ft-lb (oil pressure 300 p.p.s.i.) 68,000 517,000 72,06 
Soph a eee : PD 368, 517, 772,000 
4 erating pressure = DepeSeie 250-300 250=300 250=300 
the higher heads, although con- Minimum time to close gates - seconds 8 aie 8 i} 8 
sideration must be given to pos- — ,,.52°4 freee sd Justment a8 a 7 
sible pondage limitations and to Capacity - ft-lb (oil pressure 300 p.p.seie) 610,000 635,000 687,000 
i E Minimum time to open or close blades = secoms 10 10 10 
the reduction of head during ex- Maximum time to open or close blades - seconds ho ho Me) 
arene heals Type of draft tube Elbow Elbow Elbow 
i? Splitter Ye N Yes 
Velocity through intake trashracks, gross area, = : : 
fps at rated discharge Tes) he 5.0 
SELECTION OF TURBINES Velocity at draft-tube exit - fps at rated discharge Ted Toy 72 
; Scroll case: 
In the integrated POW system, Clear width between main piers - feet 6610" 6610" égro" 
the Pickwick Landing, Gunters- Thickness main piers ~ feet 1210" 1410" 1110" 
F ‘< Number intermediate piers 2 2 2 
ville, and Chickamauga plants Thickness intermediate piers 616" 616" 616m 
* . : Offset centerline of turbine from centerline 
will be operated at high capacity of scroll case 510" 3108 513" 
factor during periods of ample flow Holeht of pnteke- openings i=) £20k ee ee Boner 
in the main river, and the tribu- Pratt _ tube: 
: Clear width between main piers 6610" 6610" 6910" 
tary plants at Norris and Hiwas- Thickness main piers 1210" i410" 110" 
: Number intermediate piers 2 2 2 
see will, as a general rule, be op- Thickness intermediate piers 610" 610" 616" 
e - Elevation lowest point of tube 97 572 29, 
erated intermittently. Conversely, Horizontal length of draft tube 510" e510" e510" 
Height of draft-tube openings - feet 2.54 25.54 23.0 


during periods of low flow in the 
main river, the tributary plants 
will operate at high capacity fac- 
tor, while main river plants like 
Pickwick Landing, Guntersville, 
and Chickamauga will be assigned 
to service at relatively low capacity factor. As shown in Table 2, 
the generating units for these plants will be required to operate 
over a great range of load and head conditions; and, since the 
maximum head in all cases is less than 60 ft, movable-blade 
propeller turbines of the Kaplan type, with their characteristic 
high efficiency over a wide gate range, are ideally suitable. 

In the case of Chickamauga, which is typical of the run-of- 
river plants, the estimated continuous power available from the 
regulated flow is about 50,000 kw, and the ultimate installation 
to meet system-capacity requirements about 100,000 kw. In 
view of the immediate power-market conditions and present and 
future operating characteristics, it was decided that an ultimate 
installation of four 25,000-kw units, with three units installed 
initially, would afford the required degree of flexibility. In field 


are guaranteed capacities. 


in table l. 


*All generators 3-phase, @0-cycle, 13,800-volt 


Note: Generating capacities listed in this table 
The actual 
capacities obtained in operation are given 


operation the turbines exceed the guaranteed ratings so that the 
four units will have an actual capacity of 108,000 kw. 

Referring again to Table 2 and Fig. 3, the basic requirement of 
the turbine purchase specification is a machine capable of 36,000 
hp at a head of 36 ft, or during flood periods, with best effi- 
ciency and speed selected for 48 ft head, which obtains during 
the major part of the period of normal operation. With reference 
to cavitation, the bidder was required to state guaranteed horse- 
power outputs for the schedule of headwater and tailwater eleva- 
tions given in Table 3. 

At an early stage of the project design and well in advance of 
inviting bids, the manufacturers were given complete informa- 
tion pertaining to head and tailwater elevations and other gov- 
erning physical features, and were requested to comment on pre- 
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TABLE 3 CAVITATION AND EFFICIENCY TESTS AT BALDWIN 
LOCOMOTIVE WORKS OF CHICKAMAUGA TURBINE 
(Runner, 5-blade, 264 in. 75 rpm; 11-in. model runner for cavitation tests; 
16-in. model runner for efficiency tests) 


Allowable 
Allowable Horsepower 
Horsepower from Model 
Tailwater Headwater Head Guaranteed from Cavi- Efficiency 
Elevation Elevation Feet Horsepower tation Tests Tests 
630 674 44 42,000 44,100 49,500 
630 678 48 42,000 45,900 56,500 
650 682 52 42,000 48,100 63,300 
634 674 40 40,750 41,500 42,600 
634 678 44 42,000 46 ,500 49,500 
654 682 48 42,000 49,900 56,300 
638 672 34 33,200 55,100 38,500 
638 677 39 40,000 42,000 41,300 
638 682 44 42,000 48,000 49500 
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Fia. 3 RESERVOIR OPERATION DIAGRAM OF CHICKAMAUGA PROJECT 


liminary turbine specifications. By thus working in close co- 
operation with the turbine manufacturers, it was found possible 
definitely to specify the speed of operation, the elevation of the 
center line of the distributor, the unit spacing, and the depth of 
draft tube, so as to afford a fixed common basis for bidding, and 
yet allow each bidder reasonable latitude for employing his own 
characteristic design. 


Mope. TESTING 


To avoid the difficulty of measuring large prototype discharges 
and to insure an ample margin of safety against excessive cavita- 
tion, acceptance of the turbines with reference to efficiency and 
cavitation was based upon laboratory tests of homologous model 
runners complete with homologous scroll cases and draft tubes. 
Acceptance with respect to capacity was based upon actual pro- 
totype performance. 


TRANSACTIONS OF THE A.S.M.E. 


MAY, 1941 


The Moody formula was employed to compute the efficiency 
of the prototype turbines from the model-test results 


Oy” (Hy) 


Eff. = 100 — (100 — Eff 

; ; Daya 
Dz, = diameter of prototype runner 

D, = diameter of model runner 

Hz. = head on prototype turbine 


H, = head on model turbine 
Eff. = efficiency of prototype turbine 
Eff efficiency of model turbine 


The correction for head difference is comparatively unim- 
portant and has been omitted from specifications for turbines for 
plants now under construction. The correction for diameter is 
of governing importance and, in the case of the 16-in. model 
runners for the 264-in. Chickamauga turbines, converts a model 
efficiency of 87 per cent to a prototype efficiency of 93.6 per cent. 
The accepted method of employing the formula is to compute the 
correction for the point of maximum efficiency of the model and 
to add this single percentage to all the model-test results. 

Table 3 is abstracted from the cavitation-test results of the 
Chickamauga model tests conducted at the laboratory of the 
Baldwin Locomotive Works. It will be noted that cavitation is a 
limiting factor at the higher heads for which the tailwater is rela- 
tively low, but that, at the lower heads and higher tailwater eleva- 
tions, the capacity is limited solely by the ability of the runner 
to deliver power. 


ll 


PowrR-STATION ARRANGEMENT 


Fig. 4 shows the general cross section of the Guntersville power 
station, which is typical for all three Kaplan plants. Because of 
low entrance velocities and care taken to inhibit the formation of 
eddies, the corresponding head losses are relatively small; and 
the intake structure is comparatively short and simple, designed 
essentially to give proper direction to the flow filaments entering 
the scroll case. On the other hand, the velocity of exit from the 
runner is relatively high; a considerable proportion of the total 
available energy still remains in the discharge leaving the wheel; 
and for proper efficiency a long draft tube is necessary to regain 
this energy. Under the hydraulic requirements mentioned, 
structural economy is readily obtained by designing the intake 
and draft-tube substructure as a monolith and utilizing their 
combined mass to sustain the hydrostatic load. 

Particular attention has been given to the economic elevation 
of turbine runner. Minimum turbine and generator costs are 
obtained by setting the turbine runner so far below minimum 
tailwater that the wheel diameter is no longer limited by cavita- 
tion requirements, but is established solely by the maximum 
power that the turbine runner is capable of delivering. How- 
ever, except for the case in which solid rock is covered by an 
exceptional depth of overburden, minimum structural costs re- 
sult from keeping the runner as high as possible with respect to 
tailwater, so as to reduce the volume of rock excavation, the 
hydrostatic load on the structure, and the yardage of concrete 
required for stability. Since the size of waterways is a function 
solely of the discharge necessary to produce the rated power at the 
rated head, variations in wheel diameter to meet the cavitation 
requirements, corresponding to various assumed runner eleva- 
tions, need cause no change in unit spacing, but merely affect 
the diameter of the upper portion of the draft tube in the vicinity 
of the runner. In case the manufacturer does not have model- 
test results available for the desired ratio of diameter of throat 
ring to size of draft-tube water passages, advance model tests at 
the purchaser’s expense may be warranted. Another considera- 
tion is that the larger wheels set at higher elevation have in- 
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(Turbine capacity: 34,000 hp, 36 ft head, 69.2 rpm. Generator capacity: 27,000 kva, 13,8000 volts, 3 phase, 60 oycles.) 


creased capacity at reduced head during flood conditions. Ob- 
viously, no sweeping generalization can be made, and the eco- 
nomic elevation of runner setting must be studied in close coopera~ 
tion with the manufacturers for each particular plant so as to 
yield the highest ratio of net annual return to annual fixed 
charges. 

The adopted disposition of mechanical and electrical aux- 
iliaries is believed to utilize the limited space immediately adjacent 
to the generating units to best advantage so as to reduce the 
size of service bay to a minimum. The electrical bay is located 
downstream from the generator room where a foundation is 
provided by the long piers of the draft tube. For maximum con- 
venience in operation, and to give the shortest and simplest ar- 
rangement of high-pressure oil piping to the Kaplan head and 
the wicket-gate servomotors, the governor-actuator cabinets of 
the duplex type are located on the main floor of the generator 
room between the companion pair of generating units. With 
the governor actuators on the main floor, space remains in the 
main draft-tube piers, at the elevation of the inspection tunnel 
where there would otherwise be excess concrete, for a compact 
arrangement of draft-tube unwatering pumps and operating 
valves. This location of unwatering pumps in the main piers 
between units not only eliminates space which would otherwise 
be required in the service bay, but also materially reduces the 
length of suction lines and friction-head loss in unwatering the 
draft tubes. 

Because of the characteristic location of Kaplan runners 
from 10 to 12 ft below average low tailwater, and the necessity 
of providing ready facilities for inspection and maintenance, the 


draft-tube unwatering system, including draft-tube stop logs 
and a gantry crane, represents in itself a sizable investment. 
The unwatering pumps for each plant have an aggregate rated 
capacity of 10,000 gpm at rated head and an actual capacity of 
about 16,000 gpm under average conditions. The pumps are the 
deep-well type with low-level runners, so as not to require prim- 
ing, and are capable of unwatering the draft tube completely in 
from 1 to 2 hr. 


TuRBINE DESIGN AND CoNSTRUCTION 


In accordance with general practice, turbine contracts of the 
Tennessee Valley Authority stipulate that the manufacturer shall 
prepare and be responsible for the design, including the deter- 
mination of scroll case and draft-tube waterways, in conformity 
with the governing physical conditions and general requirements 
enumerated in the purchase specification. The authors will 
describe briefly, from the standpoint of the purchaser’s engineers, 
certain of the design elements covered in the specification, with 
the request that the manufacturers’ engineers amplify the treat- 
ment of design and construction features in the subsequent dis- 
cussion. 

Welded Construction. In view of the increasingly successful 
use of welded-plate construction in the heavy-machinery industry, 
the Authority’s specifications afforded bidders the option of em- 
ploying either cast-steel or welded-plate construction for the speed 
ring, head cover, lower guide-vane ring, discharge ring, gate-shift- 
ing ring, and wicket gates. Plate construction for the draft-tube 
liner and the upper pit liner is, of course, standard practice. The 
specifications required that the design of welded joints and con- 
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nections and the fabrication of welded-steel parts conform to the 
Boiler Construction Code of The American Society of Mechanical 
Engineers, Section VIII, for Unfired Pressure Vessels. It was also 
stipulated that the welding conform to paragraph U-69 of the same 
code, and be stress-relieved, excepting the draft-tube liner, upper 
pit liner, and minor details, welding for which was specified to con- 
form to paragraph U-70. The contractor for the Guntersville 
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turbines, the S. Morgan Smith Company, employed welded 
construction very extensively and with very satisfactory results. 
Fig. 5 shows the welded speed ring of the Guntersville turbine. 

Turbine Shaft. Fig. 6, showing the cross section of the Chick- 
amauga turbines, is fairly typical of all three plants. Subsequent 
to the design of the Pickwick Landing machines, improved facil- 
ities at the steel-forging plants made it practicable to specify that 
the upper end of the turbine shaft be enlarged in forging so as to 
form the operating cylinder for adjustment of the runner blades, 
and flanged at the upper end for coupling with the generator shaft. 
The lower flange of the generator shaft forms the upper cover of 
the blade servomotor cylinder. This particular feature permitted 
the elimination of two large steel castings for the servomotor, 
which were formerly interposed between the turbine and gen- 
erator shafts, and two corresponding intermediate flanged bolted 
joints, leaving only a single flanged bolted coupling to be gasketed 
tight against possible oil leakage. The simplified detail has 
proved entirely satisfactory and much superior during shop 
assembly and field erection and alignment. The bottom connec- 
tion of the oil-pressure-supply lines, extending inside the generator 
shaft from the Kaplan head above the generator down to the 
blade-shifting servomotor, is made by screwed, rather than by 
flanged fittings, which were formerly used for the purpose and 
required that the coupling between the turbine and generator 
shafts be opened 10 or 12 in. to permit making the connection. 
The screwed fitting permits insertion or removal of the oil-supply 
pipes from above without dismantling the coupling. 

Turbine Guide Bearings. The main turbine guide bearings 
are the water-lubricated adjustable type with shoes of lignum 
vitae or a molded plastic material, such as bakelite or Insurok, 
while the corresponding shaft sleeves are a special corrosion- 
resistant steel. Water-lubricated bearings were selected in pref- 
erence to oil-lubricated «bearings for three principal reasons: 
(1) Optimum location of the bearing for its primary function of 
support, immediately adjacent to the turbine runner with no 
stuffing box and oil chamber interposed between the runner and 
bearing; (2) most accessible and convenient location of stuffing 
box above the guide bearing, where adjustments can be made 
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while the unit is in operation; und (8) elimination of the hazard 
of burning out the bearing due either to the leakage of water 
past the stuffing box or flooding of the turbine pit during the 
rather frequent condition of high tailwater. 

In general, the problem of providing adequate lateral support 
is much more acute for propeller runners than for Francis wheels, 
owing principally to the relatively greater diameter and weight 
due to lower heads, and to the inherently greater hydraulic in- 
stability under low-gate conditions. It is characteristic of Francis 
wheels that the runner is located in elevation at about the center 
line of the distributor; and, consequently, the oil-lubricated 
type of bearings for such machines may be located above the 
head cover in a relatively free-draining position without in- 
volving an excessive distance between the bearing and the runner 
to be supported. On the other hand, because of the character- 
istic design of propeller-type turbines, in which the runner is 
placed 6 or 8 ft below the center line of the distributor, the oil- 
lubricated type of bearing, if adopted, must be placed in a rela- 
tively small, conical chamber down below the head cover in order 
to keep the distance between the bearing and the runner to be 
supported within acceptable limits. In the event of a defective 
stuffing box, even a low rate of leakage might soon fill the sur- 
rounding space and cause the bearing to burn out. 

Runner-Hub Lubrication. Correct lubrication of the mecha- 
nism within the Kaplan runner hub, which is continuously 
submerged under a head of from 10 to 60 ft, is an important ele- 
ment of design. The runner-blade trunnions, operating in bronze 
bushings under bearing pressures of between 2000 and 3000 psi, 
must be provided with an unfailing film of the proper lubricating 
oil, uncontaminated by grit and free from any appreciable amount 
of water. In addition, the hub oil has a second essential func- 
tion as a protective coating and inhibitor of corrosion for the 
many steel surfaces of the internal mechanism. 

By means of a revolving oil chamber, located on the main 
shaft just below the generator coupling, a continuous oil pressure 
of from 8 to 10 psi is maintained, sufficient to insure a steady 
supply to the trunnion journals. The revolving reservoir con- 
serves an appreciable volume of oil displaced during each down- 
ward movement of the main operating shaft into the runner hub. 

The runner-blade trunnions are sealed by means of a chevron 
type of packing, retained in the packing space under pressure 
between two stainless-steel rings. The arrangement is adequate 
to prevent either the infiltration of water and grit along the 
blade trunnions during high tailwater conditions or the loss of oil 
from inside the hub during operating conditions of high vacuum 
adjacent to the blades. Leakage of oil from the hub is restricted 
on the average to about !/, gal per day, and the design is so 
rugged that a tight seal is assured for several years of operation. 
The revolving reservoir is equipped with a sight-gage glass, by 
means of which, when the unit is stopped, the quantity of oil in 
the runner hub can be immediately determined and make-up oil 
added, if necessary. 

Simple and effective means are provided for draining any 
accumulation of leakage water which would, if neglected, en- 
danger the safety of the trunnion bearings and cause corrosion 
of the operating mechanism. Because it is heavier than the 
lubricating oil, any leakage of water along the trunnions will 
collect in the bottom of the hub when the unit is stopped. In the 
case of the Guntersville design, which is representative in prin- 
ciple for all three manufacturers, drainage of water from the 
bottom of the hub, under the static head of oil in the annular 
reservoir, is accomplished by drilling out the center of the blade- 
operating shaft so as to form a pipe communicating with the 
bottom of the hub and terminating at the upper end in a test 
connection, readily accessible at the exterior surface of the tur- 
bine main shaft above the stuffing box 
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Fig. 6 Cross Section oF CHICKAMAUGA TURBINE 
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Alignment of Turbine and Generator Shafts. In conformity with 
the purchaser’s specifications, turbine and generator shafts, 
complete with thrust-bearing collars and generator rotor hubs, 
are fitted, coupled, and given a rotating-alignment check at the 
manufacturer’s plant prior to shipment to insure that the com- 
bined shafts are straight and that the face of the thrust collar 
lies in a plane perpendicular to the combined-shaft axis. 

Before operation of the unit, a field alignment check of the 
entire rotating assembly of the turbine and generator is made to 
demonstrate that the axis of rotation of the combined shafts does 
not depart from the vertical more than 0.003 in. at any point, 
also that the maximum diameter of circle described by any point 
on the shaft in rotating about that axis is not more than 0.01 in. 
This so-called rotation check is made with all turbine and gen- 
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erator guide bearings backed out, and with the entire rotating 
assembly simply suspended from the thrust bearing. The ro- 
tating assembly is turned, by means of a block-and-tackle ar- 
rangement attached to the rotor spokes, through four intervals of 
90 deg each and back to the original position. At each position, 
micrometer tram measurements are made between the turbine 
and generator shafts and four fixed suspended plumb wires. 
Any corrections necessary to plumb the shafts with respect to 
the vertical can readily be made either by the adjusting studs 
under the Kingsbury bearing shoes or by the insertion of ad- 
justing plates under the thrust-bearing supporting beams. If the 
throw of the shafts exceeds 0.01 in. on the diameter at any point, 
indicating that the thrust collar is excessively out of perpendicular 
to the shaft axis, the requisite field adjustments are more difficult; 
and, consequently, every check should be made at the factory 
to insure that this feature is acceptable before shipment. 

Governors. The governors are of the cabinet actuator type 
with the entire mechanism, including the governor-flyball ele- 
ments, relay valves, motor-driven oil pumps, Kaplan valves, and 
Kaplan controls, enclosed in a compact cabinet, the base of which 
forms the sump tank. The governor controls and the requisite 
gages and temperature and pressure indicators: are mounted 
upon the front face of the cabinet. 

In the Guntersville and Chickamauga plants, where three 
units have been installed initially, duplex actuators are pro- 
vided in a single combined cabinet located between the units. 
Owing to the necessity of providing clearance at the temporary 
end wall of the power station, individual cabinet actuators are 
provided for the third units and planned for the fourth units. 
At the Pickwick Landing plant two units were installed initially 
and provided with a duplex actuator. 

The governors are equipped with motor-driven flyballs, gear- 
type motor-driven oil pumps, cable-type restoring mechanisms, 
and welded-steel oil piping with flanged connections only where 
necessary for ease in assembling and dismantling. The operating 
oil pressure is between 275 and 300 psi. The oil piping and re- 
storing cables to the wicket-gate servomotor in the turbine pit 
are located in floor trenches entering the cabinet from below. 
The piping and restoring cables to the Kaplan head above the 
generator are located beneath the generator walkways and enter 
the actuator cabinet from above. 


CoNCLUSION 


Experience at the Pickwick Landing, Guntersville, and Chicka- 
mauga plants indicates that Kaplan turbines in the range of physi- 
cal size from 22 to 24 ft may be satisfactorily designed, con- 
structed, and erected to meet the exacting demands of variable 
head and load service. Engineers are frequently confronted 
with the question of whether still larger units might be eco- 
nomical. There are many obstacles to increased size, such as the 
difficulty of obtaining large steel castings for runner hubs and 
blades without a prohibitive percentage of rejections, and the 
difficulty of designing large complicated concrete substructures 
to withstand the attendant indeterminate shrinkage stresses with- 
out consuming a prohibitive interval of time for dissipation of 
setting heat during construction operations. It also appears that, 
although the practical limit of refinement in machine-shop toler- 
ances for such large heavy machinery has already been reached, 
still further refinement would be necessary in the case of larger 
machines to obtain, during field erection, the degree of accuracy 
in turbine and generator-shaft alignment required for the satis- 
factory operation of such large heavy rotating masses. In the 
opinion of the authors, the Pickwick Landing, Guntersville, and 
Chickamauga machines approach the maximum practicable size 
of Kaplan turbines which may be fabricated and erected with 
present facilities. 
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Discussion 


J. M. Mousson.? The authors state that efficiency tests on the 
prototype units are not contemplated to avoid the difficulty of 
measuring large unit discharges and that the step-up, based on 
laboratory tests, is being used as a criterion for the acceptability 
of the units. It would appear, however, that the reliance on the 
Moody step-up formula exclusively is not a guarantee for proper 
prototype performance because: (1) It was developed based on 
experience with Francis runners. (2) It rests exclusively on one 
manufacturer’s laboratory conditions and may not be applicable 
unconditionally to those of others. (3) Even under favorable 
conditions field experience thus far gained with propeller-type 
units of the fixed-blade or adjustable type indicates that no further 
increase in step-up may be expected above 150 in. runner diam. 
Some engineers even contend that with these types of turbines a 
gradual decrease in step-up could be expected above the maximum 
occurring at about 150 in. diam. 

It is believed that the complete negation of prototype testing 
is a serious handicap to progress in the art, particularly serious 
when this viewpoint is held by engineers associated with such a 
vast enterprise as the T.V.A. No one will contend that the period 
of development of the propeller-type turbine is over and, there- 
fore, continuous and substantial efforts are yet to be made and 
are imperative to achieve efficiencies closer to the ideal. 

In addition, it must be emphasized that the over-all costs per 
horsepower installed are an important factor. Certain expensive 
features adopted by one or the other turbine manufacturer re- 
main yet to be justified from an economic point of view. How- 
ever, no justification can be obtained without prototype testing. 
This was ably pointed out some time ago by one of the authors’ 
associates! to the effect that the economics of draft-tube splitters 
should be carefully investigated and that there was a real op- 
portunity as well as a necessity to do so with the completion of 
Wheeler and Pickwick Landing Dams. This opportunity is now 
even more striking with Guntersville and Chickamauga in opera- 
tion, both plants having Kaplan turbines of nearly identical 
dimensions but only the draft tubes of the former development 
are provided with draft-tube splitters. 

A recent feature of Kaplan turbines, referred to in the paper, is 
the adoption of cables for the restoring mechanisms instead of the 
rigid rods previously used. It would be interesting to know 
whether or not the prestressed cables stretch appreciably in 
service and, if so, what the permanent elongating characteristics 
are with relation to time. 

Based on past experience, the correct cam design controlling 
the gate-blade relation cannot be obtained through model testing 
and some form of index testing is required on the prototype units. 
It would be of value to know what types of index method are 
being employed on the various installations of the TM VeAs 


F. Nacier.® The authors present comprehensively significant 
engineering data which cannot help but answer questions occur- 
ring to many engineers interested in hydroelectric power. 

It would be of interest if the authors would comment a little 
further on Table 3. It is not evident whether the tests for cavita- 
tion were made at the heads listed in the third column, or whether 
the cavitation coefficients were arrived at by testing the models at 
some other heads and simply applying the results so obtained. 
It is noted that the authors state the head difference, in connection 


3 Hydraulic Engineer, Safe Harbor Water Power Corporation, 
Baltimore, Md. Mem. A.S.M.E. 

4“Bconomie Aspects of Energy Generation,” a Symposium, 
Trans. A.S.C.E., vol. 104, 1939, pp. 942-1008; discussion by R. M. 
Riegel, pp. 1014-1015. 

5 Chief Engineer, Canadian Allis-Chalmers, 
Canada. Life Member A.S.M.E. 


Ltd., Toronto, 
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with the application of the Moody formula, is comparatively 
unimportant, from which it might be assumed that the head 
differences for the cavitation tests may closely approximate those 
to be experienced in the powerhouse. 

The writer would like to ask whether some of the hydraulic- 
thrust figures shown in Table 2 have been checked by field 
measurements. The writer has quite a collection of such data, 
obtained by calibrating the deflection of the bridge by means of 
the fairly well-known weight of rotor, shaft, and runner, and then 
using this calibrated bridge to determine the additional hydraulic 
thrust. If such figures are available for any one of the three 
plants shown in Table 2, they would be of considerable interest. 

The care taken by the engineers of the T.V.A. in prechecking 
the turbine and generator shafts for alignment is particularly 
noteworthy. This seems to be an increasingly desirable practice. 
Did the authors find that shop tests showed comparable straight- 
ness and truth with the rotational check made in the field? 

It would also be of interest to have further comment on, or 
comparison of, the cable-type restoring mechanisms with the 
older torsional-shaft types. They seem to possess such ad- 
vantages in cheapness and flexibility of installation that any 
operating disadvantages observed should be brought out. 


R. E. B. Suarv.* The optional use of either cast or welded- 
plate steel as the material for the speed or stay ring, as well as 
for the other parts mentioned by the authors, is a sensible pro- 
vision in turbine specifications. The turbine manufacturer is 
thus permitted to take advantage of his preferred design and 
shop practice and in some cases to improve deliveries by the use 
of that material most readily available. The use of plate steel is 
preferable for those parts of the water passages subject to cavita- 
tion, such as the throat or discharge ring, due to its greater re- 
sistance to this action. Runner blades of steel plate, welded to a 
skeleton frame, would undoubtedly resist the cavitating action 
better than cast-steel blades, but the matter of strength and cost 
would be formidable problems. 

As brought out by the authors, the use of a water-lubricated 
bearing results in a minimum amount of overhang of the runner 
below the bearing. This is a desirable feature as affecting the 
critical speed of the shaft. With both runner and generator 
rotor overhung beyond the only two guide bearings provided, it 
is essential that these calculated deflections be a minimum.’ 

The actual amount of hydraulic thrust on the turbine runner 
can be readily determined in the field, by application of the 
principle that the deflection of the beams supporting the thrust 
bearing is proportional to the load. The deflection due to the 
known total weight of the revolving parts is measured with the 
turbine shut down, and again when in operation. The relation 
between the hydraulic thrust so measured, the runner-blade 
pitch at various radii, and the power developed can be used as a 
check on the effective-flow distribution through the runner. 

The intermittent turning of the runner blades under load 
through only a small percentage of a total revolution, with fre- 
quent periods without movement, prevents the maintenance of an 
effective oil film at the loaded portions of the blade bearings, 
with the result that a high coefficient of friction must be over- 
come by the blade servomotor, even though the runner hub is 
filled with oil. This coefficient is undoubtedly lower than it would 
be were the load on the blades not of a very live nature with some 
vibration to permit to some extent the seepage of an oil film into 
the desired locations. 


6 Chief Engineer, I. P. Morris Dept., Baldwin Southwark Divsion, 
The Baldwin Locomotive Works, Philadelphia, Pa. Mem. A.S.M.E. 

7“JDateral Vibration of Shafts,” by L. F. Moody, Product Engt- 
neering, vol. 6, Feb., 1935, pp. 57-60; March, pp. 98-100; April, 
pp. 142-143. 
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The ideal method of lubrication with bushed bearings, such as 
are used, would be to have a continuously operating high-pressure 
oil pump which would provide an oil film at the desired points. 
The mechanical complications of such an arrangement with the 
possibility of derangement and consequent loss of such an oil 
film have so far militated against the use of such a feature. 

The use of antifriction bearings in the hub, of the roller or bali 
type, would greatly reduce the friction load. The lack of ade- 
quate bearings of this type of stainless steel, such as would be 
necessary to take care of possible water entrance into the hub, 
has been a deterrent in the adoption of this type of bearing. The 
nature of the live load on the blades, in conjunction with only a 
partial revolution with long periods at one position, and a conse- 
quent Brinelling action of the balls or rollers on the races, is an 
undesirable feature. While Terry has adopted with success this 
type of bearing in his design of automatic adjustable-blade 
runners, the writer is of the opinion that additional successful 
service experience is necessary to justify this type of bearing, 
particularly in view of the major operation required in the re- 
newal of such bearings, involving the removal of the runner from 
the unit. On the other hand, in spite of the high coefficient of 
friction with bronze-bushed bearings of the type which have 
become standard in Kaplan runners, no bearing renewals have yet 
become necessary to the writer’s knowledge although, in some 
instances, difficulty has been encountered due to the bushing 
turning with the blade shank in the runner hub. To prevent this 
action from occurring, it is good practice, by the use of dry ice, 
to shrink the bushing into the hub and retaining rings with re- 
sulting actual knitting of the bushing into the surrounding cast 
steel, which much more effectively prevents relative motion than 
any press fit. The writer believes that the use of molded plastic 
material for the bushings in the runner hubs, with some re- 
duced friction coefficient, has possibilities, as this material in 
certain instances has been found superior to bronze in its ability 
to withstand high bearing loads. 


AvuTHORS’ CLOSURE 


In connection with Mr. Mousson’s discussion, it should be em- 
phasized that the remarks of the authors with reference to model 
testing were purposely limited to commercial acceptance tests for 
Kaplan turbines. The results of research activities, including 
liberal use of prototype testing to explore debatable features of 
economic design, will be made available at some future date. 

The authors are under no delusion that the Moody formula is 
an instrument of extreme precision, but simply take the position 
that, in the present state of the art of current-meter gaging and 
the attendant possibility for interminable controversy, advance 
model testing furnishes a practical workable device having gen- 
eral commercial acceptability as a basis for contract. In this 
connection it is pertinent that manufacturers are not yet pre- 
pared to guarantee Kaplan-turbine efficiencies in excess of the 
order of 89 per cent. Whether or not the step-up relation holds 
within narrow limits is not material, because the tests exceed the 
guarantees by a comparatively wide margin; for instance, model 
tests on a 16-inch runner show an efficiency of 87 per cent, which 
steps up to 931/2 per cent for a 22-ft prototype, exceeding the 
guaranteed efficiency of 891/, per cent by a 4 per cent margin. 
Conceding Mr. Mousson’s statement that the Moody relation 
is not dependable for prototype diameters exceeding 150 in. 
(although the authors know of no concrete evidence to support 
such a contention), it is reassuring to note that a 38-in. prototype 
of the 16-in. model would have a Moody efficiency of 891/, 
per cent, and a 150-in. prototype would show 92!/» per cent, which 
exceeds the guarantee by 3 per cent. The point is that, under 
the present range of contract efficiencies which are available 
to the purchaser of Kaplan wheels, absolute refinement in step- 
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TABLE 4 HYDRAULIC THRUST DETERMINATIONS 
Gunters- Chicka- 
Wheeler ville mauga 

Dead load: rotor, shaft, and runner, lb... 803,000 973,000 936,000 

Deflection, generator bridge, dead load, in.. 0.018 0.031 0.028 

Maximum deflection when operating, in... 0.042 0.053 0.053 
Hydraulic thrust, computed from deflec- 

tION, , [Da hersocte Baro hee aetna Kae Oa 1,070,000 687,000 836,000 
Hydraulic thrust, estimated by manufac- 

turer, LD céicslawe ait tdobit a ciaelsieles eae tee 1,190,000 914,000 1,052,000 

Gross head during tests, ft............... 46.7 42.6 49 


Maximum head assumed for thrust esti- 
MiAnte, LU. eect ate ae cx e eheiels) = sales 52 42 52 


ping up efficiency acceptance tests is of merely academic interest. 

Mr. Mousson asks what amount of stretch has been found in 
the cable-type restoring mechanisms for Kaplan turbines. Over 
the first year of operation the permanent elongation or stretch 
appears to be in the neighborhood of 1/15 in., which is insignifi- 
cant in a 40-ft length with a movement of 24 to 36in. Readjust- 
ment is very simple and requires about two minutes. There is 
some elasticity to these cables, and tests indicate that they may 
fail to show gate movements of 0.2 of 1 per cent and less. 

To determine the proper shape of the cam controlling the gate- 
blade relation, Winter-Kennedy-type taps are used, readings 
being taken with two or even three sets of taps giving different 
coefficients, at five to seven different blade tilts and at least six or 
seven different gate openings, resulting in 30 to 36 test points 
at each head. From these data, by plotting curves of KW/D’’?, 
the optimum blade angle for each gate opening can be readily 
established, independent sets of Winter-Kennedy points being 
used to confirm this determination. While different sets of taps 
sometimes show slightly different characteristics, the correspond- 
ing determinations of the proper blade angle usually coincide 
within very narrow limits. 

Referring to Mr. Nagler’s comments, the cavitation tests shown 
in Table 3 of the paper were made at the new cavitation labora- 
tory of the Baldwin Southwark Corporation, with heads varying 
from 15 to 27 ft, averaging about 20 ft. The cavitation coef- 
ficients so obtained were applied without correction to the proto- 
type conditions. The model efficiency tests were conducted under 
even lower heads, between 2 and 4 ft, and the corrections for 
head in the Moody formula were neglected in stepping up these 
efficiencies. The horsepower of the model was computed directly, 
no correction being made for increased efficiency. 

The hydraulic-thrust figures contained in Table 4 have been 
obtained by measuring generator bridge deflections with dead 
load and with hydraulic thrust. 

Shop checks on the individual and the combined shafts have 
been reliable, especially for checking coupling alignment. How- 
ever, with generator construction such as used at Guntersville 
and Chickamauga, where the generator thrust collar is a separate 
piece, shrunk and keyed to the generator shaft, several cases have 
occurred which indicate that these collars shift under load, 
sometimes throwing the rotating parts out of true position. 
The writers now specify integrally forged thrust collars as the 
best assurance against such type of misalignment. 

Mr. Sharp’s suggestion of the possibility of using some form 
of molded plastic material for the runner hub bushings is inter- 
esting, especially if it would permit water lubrication. Main- 
taining oiltight seals around the runner-blade trunnions, with 
provision for refilling with oil, and draining out any infiltrating 
water add considerably to the cost and complicates the design. 
With molded plastic bearings and either bronze or stainless sleeves 
provided on the trunnions, the hub could remain full of water, 
thus reducing the cost and possibly eliminating the use of oil, 
particularly in the smaller sizes of units. 

The authors wish to thank those who have discussed the paper 
for their valued comment. 


A Study of the Development of Skill During 


Performance of a Factory Operation 
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While in general the many studies into the nature of 
skill have been concerned with the total time required to 
accomplish a given task and the influence on time values of 
varying conditions pertaining to a specific operation, this 
paper is primarily devoted to a time study of the elements 
entering into the performance of an industrial task. The 
investigation constitutes a pioneer effort to study the 
effect of practice on a typical factory operation, conducted 
under laboratory conditions. 

The work was undertaken jointly by the Western Elec- 
tric Company and the University of lowa. The equipment 
was made, the tests were run, and the data were compiled 
in the industrial engineering laboratory at the University 
of Iowa. The statistical work, tabulation of results, and 
other activities incidental to the preparation of the final 
report were handled in the offices of the Western Electric 
Company. 


INTRODUCTION 


F CURRENT and outstanding interest in the industrial 

world of today are those problems related to the teaching, 

the acquisition, and the measurement of skill. The im- 
portance of the subject is reflected in the many studies which 
educational institutions, industrial organizations, and psychologi- 
cal laboratories have made relative to the nature of skill. 

All of these investigations are concerned with the time re- 
quired to accomplish a specific task and with the manner in which 
varying conditions can affect such time values. However, prac- 
tically all investigations to date have been concerned with the 
total or cycle time required for performance of a specific task, 
and have given only limited attention to the time required for 
performing the various therbligs* of which any task consists. 
The present investigation has taken this further step, and has 
been directed primarily at study of the change in therblig time 
values resulting from practice in performing an industrial task. 

The various aspects of the study on which information was 
sought are as follows: 


1 To study the effect of practice on a typical factory opera- 
tion carried on under laboratory conditions. 

2 To study the learning curves of the various elements of the 
operation as they were performed by each of the different sub- 
jects. 

3 To study the consistency between subjects in learning the 
same element. 

Aro study the effects of “speeding” and “soldiering.”’ 


1 Professor of Industrial Engineering, and Director of Personnel, 
College of Engineering, State University of Iowa. Mem. A.S.M.E. 

2 Industrial Engineer, Western Electric Company. 

3 Work has been arbitrarily divided into eighteen common elements 
called therbligs. For further information, refer to ‘‘Motion and Time 
Study,” by Ralph M. Barnes, second edition, John Wiley and 
Sons, Inc., New York, N. Y., 1940, chap. 6. 

Contributed by the Management Division and presented at the 
Annual Meeting, New York, N. Y., December 2-6, 1940, of THE 
AMERICAN SociETY OF MECHANICAL ENGINEERS. 

Norn: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


5 To study dispersion and its relation to the average per- 
formance time. 

6 To study the effects of fumbling on the normal learning 
curve. 

7 To study the several ways in which a transport load and 
pre-position element was performed. 

8 To examine the effectiveness of several rating techniques 
on data of known quality. 

9 Finally, to study the effect of practice on the relation of eye 
movements to hand motion.* 


TRANSITION From PurpPosE TO MretHop 


In order to study the effects of learning on the elements of an 
operation or industrial motion cycle, it was regarded as most fea- 
sible to set up under laboratory conditions the operation of feed- 
ing parts to a punch press. This motion pattern was selected 
primarily because: 

1 Itisan extremely common motion pattern in industry, being 
very similar to punch-press work, as well as to other operations 
such as feeding parts to tapping machines. 

2 It is short and thereby offers the opportunity for a high 
degree of learning in comparatively little time. 

3 It is a complex operation requiring coordinated action of 
both hands, the eyes, and one foot (for pressing a pedal). This 
complexity offers opportunity to study the acquisition of skill 
over a variety of elements. 

The part being fed into the punch press was a relay spring, 
Fig. 1. 

The operation was performed by grasping a relay spring from 
the supply tray by the left hand. The left hand then turns the 
spring so that it may be grasped properly by a pair of tweezers. 
The tweezers are held in the right hand and, accordingly, then 
the part is passed from the left hand to the tweezers in the right 
hand. The right hand locates the part in the die, releases hold 
of the part, and returns for another part. As the right hand 
reaches for the next part, a pedal is pressed which ejects the part 
at the back of the die. 

Fig. 2 shows one cycle of the operation. Frames 3 to 6 show 
the left hand reaching for a selected relay spring. Then the 
attention shifts to the die to locate the part held by the right 
hand, frames 6 to 12. During this time (frames 6 to 12), the 
left hand is pre-positioning the next part for the tweezers. Now, 
reverting to the part held in the tweezers; when this part is lo- 
cated in the die the tweezers in the right hand reach for the part 
held by the left hand. As the right hand is reaching, the pedal is 
pressed, ejecting the part from the die. The attention at this time 
is directed in transferring the part from the left hand to the 
tweezers in the right hand, frames 13 through to frame 2. 

Fig. 3 is a schematic diagram showing the paths of the hands, 
and the points of fixations of the eyes as laid out over the work- 
place. 

LABORATORY EQUIPMENT 


Equipment Used in Performing Motion Cycle. The equipment 


4 Because of the limitations of space not all of these nine aspects of 
the study are presented in this paper. For full details, refer to 
University of Iowa Studies in Engineering, Bulletin 22, University 
of Iowa, Department of Publications, Iowa City, Iowa, 1940. 
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was so made and arranged as to impose on the subjects the same 
demands and limitations surrounding the motion pattern of 
punch-press work in an industrial shop. The part Fig. 1, used 
in the laboratory study, was in the same condition as when used 
in the shop. It was irregular in shape but all in one plane. 

The laboratory equipment does not “‘process’’ the part. The 
part is merely located in the die, as though to be formed, and then 
ejected without being formed. A total of 250 parts were thus 
used over and over again during the run of the experiment. 

A pair of aluminum punch-press tweezers, 3/3. in. thick and 


Path of Left Hand 
Visual Pattern 
Path of Right Hand 


Path of Left Hand 
Visual Pattern 
Path of Right Hand 


Fie. 3 CoMPaARISON OF VISUAL 
PATTERNS 


71/2 in. long, exactly the same as used in the shop for this opera- 
tion, were used in grasping the part from the left hand and then 
placing the part in the die. In order to record the opening and 
closing of the tweezers, a 6-v circuit was completed at the instant 
the tweezers closed. This circuit, working through an electric 
relay, operated one of the pencils on the kymograph. By mak- 
ing a series connection to both points of the tweezers, the kymo- 
graph pencil Fig. 4 would jog laterally on the tape when the 
tweezers closed; when the tweezers released the part opening 
the circuit, the pencil would jog back to its original position. 

The die used in the study was made in the University of Iowa, 
mechanical-engineering laboratory, and was similar to common 
shop dies. Three, bullet-nosed pilot pins were used to locate the 
part in the die. The die operated by a cord attached to the foot 
pedal in such a way that, when the subject pressed the foot pedal, 
as a shop operator would to trip a press, the die rotated 180 deg, 
ejecting the part with a loud thump as the die hit the stop. 

The pedal also operated a Veeder counter, used primarily to 
keep a count of the cycles of practice during the practice periods. 
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Equipment Used for Measuring and Recording 
Time. The kymograph, shown in Fig. 4, is a de- r= ONE CYCLE - 
vice for measuring and recording time with great 
accuracy. This machine was built in the industrial- Ses Be rep c t TUS iH) 
engineering laboratory at the University of Iowa. penci, a ———_———-___ | 


Narrow paper tape is drawn across the kymograph 
table and under solenoid-operated pencils by means 
of two rollers driven at uniform speed by a syn- 
chronous motor. 

Opening and closing electric circuits by means of 
photoelectric cells and switches causes the pencils 
to move laterally, making jogs in the lines drawn on 
the moving strip of paper, Fig. 5. The tape travels 
at a uniform velocity of 1914 in. per min. 

Four pencils were used for recording time in this 
study. The work of the left hand was divided into 
three elements, the work of the right hand into three 
elements, and the work of the foot into two ele- 
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spring. These cameras were checked, showing that tH HHL Remy rence?) 
an error of not more than 2 per cent occurred from Hie al bast bas (*) Average of six subjects 
full-wound spring to the automatic stopping point. f Ht q aspect 
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ScHEDULE OF PRACTICE AND SAMPLING PERIODS 


It is generally recognized that short and frequent 


periods of instruction and practice produce greater 


skill in shorter time than longer and infrequent 
periods. This consideration was regarded as im- 


.0300-FE= 


portant in arranging the schedule which was for 500 
cycles a day, 5 days a week, Monday through Fri- 
day inclusive for the 5-week run. 

The practice periods were divided into two parts 


.0200 #= 


of 250 cycles each, the time being taken on each 


of the two runs. On days scheduled for timing by 


the kymograph and camera, the first run as a prac- -0100 4+ 


tice run was for 250 cycles, the second run was for 
200 cycles, and the third run was for 50 cycles. 
When obtaining a sample of 50 cycles by means of 
the kymograph it was necessary to have the subject 
actually perform about 75 cycles. The unrecorded 
practice amounts to not more than 2 percent. It 
is, however, about the same for each subject and 
for the purpose of this experiment believed to be of 
minor importance. 

Definitions. ‘Practice” normally refers to the period of work 
in which the subject is diligently applying himself to learning the 
motion cycle, as described. 

“Sampling” refers to the use of the kymograph as a means of 
timing elements of cycle. It also includes taking moving pictures 
both for analysis in terms of the therblig times and as a means of 
sampling for demonstration purposes. 


Fic. 6 


THE SUBJECTS 


The six subjects who performed the work in these experiments 
were all students at the University of Iowa and undertook this 
work voluntarily in the interest of furthering a promising experi- 


ment. A consideration of the physical make-up of these students 
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leads to the conclusion that there is no significant difference be- 
tween them and employees encountered as applicants for indus- 
trial work of this sort. 


INTERPRETATION OF RESULTS 


Elimination of Abnormal Observations. In the raw data, it was 
noted that there were occasional observations far removed in 
value from the rest of the group. Such values have little effect 
on the average but have considerable effect on the standard de- 
viation. To avoid the effect of these abnormal values, a refining 
process was applied to the data to eliminate each value more than 
two standard deviations removed from the arithmetic mean. 
The procedure was to: 
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1 Compute the arithmetic mean. 

2 Compute the standard deviation. 

3 Eliminate from data all values more than two standard 
deviations distant from the arithmetic mean. 

4 Recompute the arithmetic mean; this figure is referred 
to as the “recompiled average.” 

5 Recompute the standard deviation of the refined data; 
this figure is referred to as the “recompiled standard deviation.” 

The average of the recompiled cycle times is also shown in Fig. 
6, and demonstrates that the extreme values were of the greater 
magnitude. The difference between the raw data and the re- 
compiled averages ranges between 2.8 and 3.7 per cent. 

Analysis of Therblig Combinations. Definitions for therblig 
combinations are given in Table 1. The data collected in this 
experiment permit study of the manner in which the time re- 
quired to perform individual therbligs or combinations of ther- 
bligs varies as skill is acquired. This study permits a considera- 


TABLE 1 
Mem- 
ber Therbligs Definition 
RL&TE Acts of relinquishing con- 
trol and reaching for 
next part 
G Act of obtaining control 
of a part 
Left 
hand 
(LH) |TL,PP&H Act of turning part ready 
to be grasped, carrying 
it into transfer area 
and holding it while 
tweezers close on it 
TL&D Motion carrying part to- 
ward die 
Right The acts of directing 
hand |P,A&RL visually part to nest; 
(RH) assembling part in 
nest, and opening 
tweezers 
TE&G Acts of moving tweezers 
for next part and gain- 
ing control of part 
PD A delay in action of pedal 
Right movement 
foot {TL&TE Acts of pressing pedal 
(RF) down and withdrawing 
oot 
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tion of the manner in which the over-all learning curve is 
built up from the learning curves of the elements within the 
cycle. 

Some of the learning curves take the general form of total 
cycle-time curves encountered in the literature. In other cases, 
the final proficiency attained is but slightly different from the 
pace set at the very beginning of the study. Finally, in those 
therbligs which are not necessary to the attainment of the best 
cycle time, it is found that there is no real consistency by sub- 
jects and that the tendency, if any, is to retain the starting time 
and perhaps starting method rather than to improve the time for 
such unimportant therbligs. 

For some therbligs there is a comparatively wide range of dis- 
persion among the subjects and for others there is but little vari- 
ation in the final time required for performance. The therbligs 
will now be considered individually. Cycle-time learning curves 
are given in Fig. 7. 


DEFINITION OF THERBLIG COMBINATIONS: FOR KYMOGRAPH STUDY 


Beginning of End of 
measurement measurement 
instant tweezers Until hand _ interrupts 


are closed on part beam of light in reach- 
ing for a part on supply 
platform 

Until hand has complete 
control of part, allow- 
ing beam to activate 
photocell as hand is 


drawn from _ supply 
table 
From instant hand leaves Until tweezers are closed 
beam of light on part 


From instant tweezers Until part and tweezers 
are closed interrupt beam of light 
located over and at 
front edge of die 
From instant beam of Until tweezers open 
light over nest is 
broken 
From instant tweezers Until tweezers are closed 
open on next part 
From instant tweezers Until die begins to dis- 
open. charge parte P 
From instant mercury Until mercury switch 


switch completes cir- opens circuit 


cult 


a The mercury switch is activated by the pedal which ejects the part and also rotates a fast-moving 
cam, thereby tipping the mercury switch. This delay also occurs in the reverse process when opening 


the circuit, thus effecting a compensating factor. 
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Release Load and Transport Empty (RL&TE). This is the 
element of the left-hand releasing the part previously grasped by 
the tweezers and then reaching to the supply tray for the next 
part. The trend of the average time from first sample to last 
sample shows that this element is one in which practice has con- 
siderable effect on the performance time. The time was reduced 
to 45 per cent of the starting time. 

This is an interesting observation, especially in consideration 
of what the subject was doing. It is during this element that he 


Ratio of final performance 
time to origina] time, per 


cent 59.82 33.78 44.54 52.23 45.82 36.53 45.45 


looks at the supply of parts, selects a particular part, and then 
considers how he will transport load and pre-position the part be- 
fore he grasps it. There are four ways of pre-positioning a part, 
depending upon which of the four possible ways the part is for- 
tuitously reposing in the supply tray. It seems that the poor 
initial time of some of the subjects may be the result of indeci- 
sion during the process of determining how to pre-position. 
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Practice by Cycles 
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As soon as the subject completes this selecting part of the 
task, he looks to the die to direct the right hand, so he then in- 
mediately has another mental problem. Since these mental 
problems are solved in chronological order, mental agility is an 
important factor in the TE therblig time. The decision time is 
probably the predominant part of the element time at the out- 
set, but reduces to become a minor influence in the later stages. 

A study of the standard deviation shows a reduction in the 
early stages and a rise toward the final stages in the study. The 
reason for this is not readily evident but, undoubtedly, the phe- 
nomenon carries some significance because it is contrary to nor- 
mal expectancy. The subjects generally show the same trend 
both in change in the average time and in the standard deviation. 

Grasp (G). Because of the nature of the timing apparatus, 
the grasp includes a little of the transport motion. Other than 
this, the subject’s visual attention at this stage of the cycle is in 
directing the right hand to place the part in the die. 

Three of the subjects required more time at the end of the 
study for this element than they did at the beginning.’ The 
general trend, however, does show a slight reduction in time. 
The average of the individual scores shows that the final stage 
amounted to 65.65 per cent of the time for the initial performance. 


Subjects 
1 2 3 4 5 6 


Avg 
Ratio of final performance 
time to original time, 


per cent 106.93 68.86 66.60 54.26 54.01 43.21 65.65 


In studying the trends of the standard deviation of the learning 
curve there is a common trend for the final performance to have a 
lesser deviation than the first performance. 

Transport Load, Pre-Position and Hold (TL,PP&H). This 
element is the one in which the part is carried by the left hand to 
the tweezers; it includes turning the part ready to grasp and is 
held in place until the tweezers close. 

There is a strong tendency rapidly to decrease the performance 
time. In considering the “last sample to first sample ratio” the 
reduction is to 38.12 per cent of the starting time. 


Subjects 
3 7 


1 2 Avg 


Ratio of final performance 
time to original time, 


per cent 35.54 19.15 48.81 35.53 27.11 62.57 38.12 


A study of the graphs Fig. 8, indicates a rather strong tendency 
to conform to the normally conceived learning curve. 
RicHt-Hanp (RH) OPERATIONS 


Transport Load and Delay (TL&D). This is the element of the 
cycle in which the right hand carries the part held by the tweezers 
toward the die. It does not include placing the part in the die. 


= Subjects 
1 2 3 4 6 Avg 
Ratio of final performance 
time to original time, 


per cent 43.04 33.49 50.45 37.88 43.72 38.79 41.23 


The table shows a fairly consistent reduction in time and the 
graph shows the curves to be quite normal and without peaks or 
flutter, averaging 41.23 per cent of the starting time. 

It is during this phase of the cycle that the attention of the 
eyes is directed toward the selection of a part, and also in directing 
the left hand to the part. Also, during this element the eyes 
shift to the die and thus the attention is shifted to the direction of 
the right hand. As the part held by the tweezers penetrates the 
beam of light in front of the die, the element is terminated. 

Considering what is going on during the element, the mental 


5 All subjects to a minor extent performed slight variations in the 
cycle at the outset of the study. However, practice had the effect of 
making all subjects perform more like the instructed method. 
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task of selecting, the directing of a hand, the shifting of the eyes 
to the die and the shifting of the attention to a different problem, 
the consistency of the progress is surprising, as is also the con- 
sistency of the standard-deviation learning curve. It is also 
noted that the coefficient of variation is particularly low for this 
element. 

Furthermore, this particular element is one in which, possibly, 
a visual pattern change might be manifested. After a few thou- 
sand cycles of practice, subjects would now and then use only two 
fixations to a cycle while at other times they use three fixations 
per cycle, according to the original instructions. 

Position, Assemble, and Release Load (P,A&RL). This element 
is for the short motion in locating the part in the die. 

The impression from first observation of the data is that this 
series is a most erratic group of learning curves. Two of the sub- 
jects, after several hundred cycles of practice, took more time 
than for the initial sample. Five of the subjects took more time 
in the last sample than they did in the previous sample. In 
addition, there were other peaks and mounds. However, the 
final study shows that, on the average, the subjects were per- 
forming in 66.7 per cent of their starting time. 


Subjects 
3 4 


1 2 6 Avg 


Ratio of final performance 
time to original time, 


per cent 67.03 52.69 52.81 90.54 74.91 62.18 66.69 


In the section of therblig findings based on the film data, it was 
found that the RL was performed very consistently, conse- 
quently if the RL were deducted, the remaining P and A must be 
the erratic elements. 

In reviewing what is taking place, it should be noted that it is 
this phase of the cycle in which the part is placed over the pilot 
pins. And although the pilot pins facilitate the positioning, in 
many cases the subjects do not locate the part exactly right in 
the first locating movement, and small adjustment movements 
are necessary. If the subject tries to perform this motion too 
fast, he probably will misplace the part and waste time in re- 
covering it. Less over-all time would be required if the subject 
worked more slowly but exactly. 

The standard-deviation learning curve is likewise erratic for 
each subject and also leaves much to be explained. The co- 
efficient of variation for this therblig exceeds that of any others. 

Transport Empty and Grasp (TE&G). This element follows the 
release of the tweezers at the die. The TE&G includes the reach- 
ing of the right hand and tweezers to the transfer area, and the 
closing of the tweezers on the part. 


Subjects————______ 


1 2 3 4 5 6 A 
Ratio of final performance As 


time to original time, 


per cent 83.62 43.94 60.61 47.32 46.86 49.42 55.3 


Ricut-Footr (RF) Orrrations 


Pedal Delay (PD). This element is defined as the delay be- 
tween the opening of the tweezers and the closing of the mercury 
switch actuated by the foot pedal. 


Subjects 
1 2 3 4 6 Avg 


Ratio of final performance 
time to original time, 


PEF CONG. secs cee ce 68.43 99.84 62.52 14.34 60.20 74.23 63.26 


The inconsistency of data in the learning trend for each subject 
as well as the inconsistency between subjects shows that these 
curves involve a phenomenon distinctly different from that 
previously encountered. 

The subjects were instructed to press the pedal as soon as the 
part in the die was released. However, since a fast follow-up in the 
foot action after the release does not necessarily reduce the cycle 
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time, the subjects all floundered around, trying faster and slower 
times as they pleased. More than 50 per cent of the time the 
foot was not busy, so it really made little difference how fast or 
slow the subjects coordinated the hand RL with the pedal TL. 
Accordingly, each subject took whatever time suited him. 

It is interesting to note that only one subject early in the study 
seemed to find a rhythm which she tended to maintain through- 
out the study. 

Transport Loaded and Transport Empty (TL&TE). In some- 
what the same respect, the TL&TE is considered. This element 
is the time to press and release the pedal. 


Subjects 
1 2 3 4 5 6 


y Avg 
Ratio of final perform- 
ance time to original 
time, per cent....... 


118.07 121.38 68.91 118.68 67.70 42.02 89.46 

There is no consistency within the individual studies, except 
in the case of one subject who tended to perform in about the 
same time throughout the study; and there is no consistency 
between subjects. This element is analyzed as one which is not 
important in cycle-time performance, consequently, the subjects 
perform it just as they wish to. 


FUMBLES AND DELAYS 


In analyzing the motion-picture film of one of the subjects, 
fumbles or delays were noted in varying frequency among the 
several therbligs. Relating the number of fumbles and delays to 
the total number of cycles shows clearly which are the trouble- 
some elements. 

Any hand movement not performed in accordance with in- 
structions has, for the purpose of this study, been considered a 
fumble. Any retardation not necessitated by the methods as 
prescribed has been considered a delay. For example, when the 
left hand holds the part for the tweezers to grasp, the therblig is 
an instructed hold; however, were there a fumble in bringing the 
part to the grasping area, causing the hand to wait for the part, 
then the delay occurring in the grasp therblig of the right hand 
would be included as a delay. In this way a fumble or delay by 
cone hand can result in a delay for the other hand. Table 2 shows 
in which therbligs and to what extent the trouble occurs by per- 
centage, at the various stages of acquisition of skill. 


‘TABLE 2 PERCENTAGE OF THERBLIGS IN WHICH FUMBLES 
OR DELAYS OCCURRED 


After Left hand ——Right hand 
practicing, TL AWE 
cycles RL TE G ARE ae H P&A RL TE G 
50 0.0 87.5 25.0 50.0 0.0 0.0 50.0 6.3 56.3 0.0 
1050 0.0 6ii7e 4010898230208 0205 7355) 0.00") 0.0 Baz: 
2550 0.0 0:0. 76.7 §56-70-0150-0) 7020020 0.0 23.3 
5050 0.0 0.0 26.7 54.8 0.0 0.0 74.2 0.0 0.0 29.0 
7550 0.0 O00 015 4 SLIT O-OM010- 3115 020 0.0 18.5 
10050 0.0 0.0 15.1 5.92.9, 0.0 5.9 0.0 0.0 8.8 
12550 0.0 0.0 23.1 19,2 0.0 0.0 15.4 0.0 ed 3.9 


Errects oF FUMBLES AND DreLays ON A LEARNING CURVE 


Fumbles and delays, which occur due to the lack of experience, 
have much to do with the form of a learning curve. The film 
analysis permits the graphing of two learning curves as follows: 


1 One showing the normal curve, i.e., including all fumbles 
and delays. 

2 The other showing a learning curve which excludes fumbles 
and delays, Fig. 9. 


By excluding these obvious fumbles and delays, the learning 
curve is surprisingly flat. At the outset, the cycle time, ex- 
cluding fumbles and delays, amounts to 63 per cent of the total 
time and, at the finish of the study, the data excluding fumbles 
and delays amounts to 93 per cent. 
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There follows a mathematical analysis of the differences of 
the two learning curves: 


Cycle time at outset.................0.0521 Min 
Cycletimejattinishaa. oy ee elie cen 0.0272 Min 
PMPVOVeEMeEN tw cerree severe eotetesciens «Gre reGns 0.0249 Min 


The improved performance can be traced to the following over- 
lapping causes: 


Reduction in fumbles and delays............0.0168 Min 
Eastersperiormance-preidtae we. 2 ciscis = eepentues 0.0081 Min 
MT Ota ried tery tomolensrs otro oie OE LUE ows 0.0249 Min 


This analysis indicates that of the improvement obtained, 
about two thirds may be assigned to the elimination of obvious 
fumbles and delays and only about one third may be assigned 
to faster movements and better coordination. This proportion 
was somewhat surprising and may require reconsideration of 
some of the concepts of learning. It may develop that the phe- 
nomenon known as rhythm, coordination, deftness and smooth- 
ness, as distinguished from awkwardness, may consist not of a 
general status but of the absence of specific and definable fumbles 
and delays. 


CHANGE IN VISUAL PATTERN 


During the early part of the learning period, it was observed 
that occasionally the subjects did not perform the regular visual 
sequence. While normally the subjects were required to per- 
form according to the instructions, this departure from the stand- 
ard method was regarded as having special significance, and the 
subjects were allowed to develop this departure in a natural 
manner. 

According to the instructions, three visual fixations were to 
be performed in conjunction with the hand movements of each 
cycle. The first fixation was to occur as the left hand reached to 
grasp the part from the supply tray; the eyes then were focused 
on the supply tray during the selection of a part. The second 
fixation occurred as the right hand placed the part in the die, and 
at this time the eyes were focused on the die. The third fixation 
occurred as the tweezers in the right hand grasped the part being 
held by the left hand; the eyes then were focused on the part, 
Fig. 3. After several thousand cycles of practice, the tendency 
of the subject was sometimes to use three fixations and sometimes 
to use two, as distinguished from the exclusive use of either two 
or three. This mixture may in reality have been an intermedi- 
ate stage of shifting from the use of three fixations to two fixa- 
tions. 

It is natural to question whether the subjects should have been 
instructed to use a two-fixation pattern. In response to this 
question, there is well-founded opinion that to do this would have 
caused considerable trouble. In the early training, looking in 
sequence toward the three places was essential. 

When the subjects used the two-fixation pattern, the paths of 
the hand movements were the same; the only obvious difference 
was the points of fixations. The eyes would first fixate on the 
part during the transfer from the left hand to the tweezers in the 
right hand. The second fixation would occur when the eyes were 
focused on the die when placing the part in the die, as illustrated 
in Fig. 3. 


CoMPARISON OF TIME FOR Tw0- AND THREE-FIXATION MerHops 


The film study provides quantitative data showing what pro- 
portion of cycles was being performed by the two-fixation 
method, and also a comparison of the average time values for 
each of the two methods during the transition. 
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After practicing——H——_______. 
Cycles: sence souks ——5050- ——. ——7550-—_. ——10,050——. 9 ——12,550¢--—— 
Nos of fixations)... 3 2 3 2 3 2 3 2 
Percentage of sample.... 90.0 10.0 81.0 19.0 56.3 43.7 60.0 40.0 
Time (avg), min......... 0.0323 0.040 0.0281 0.038 0.0279 0.0299 0.0363 0.028 


@ Because of scanty data taken at the 12,550 period, the 10,050 stage is generally referred to because it is statistically more significant. 


In summary, it is observed after 10,050° cycles of practice: 


1 That 44 per cent of the sample consists of the two-fixation 
method. 

2 That a trend of the average time per cycle for each of the 
two methods indicates that, if the study had been carried 
on longer, that the two-fixation method would have occurred still 
more frequently. 

3 That the two-fixation method would have taken less time 
than the three-fixation method, if the study had been carried 
on further. 

This is regarded as a rather original finding and is important 
because: 

1 The subjects (with one exception) were not aware that this 


change was taking place. They believed that they were following 
the instructions (and they actually were so far as their hands were 


concerned) but somehow they were not conscious of the visual 
pattern change that was taking place until toward the end of the 
study. 

2 Instructions by industrial engineers seldom include direc- 
tions for the visual pattern. The fact that it appears natural 
for an operator to change from one method to another without 
showing apparent trouble such as an irregularity in the cycle-time 
learning curve is a valuable finding. It is recognized that changes 
of hand movements alone will cause various effects on the learning 
curve, but the data do not seem to manifest any of the effects 
that the introduction of a change in method would be expected to 
show. Also, it is of practical importance to the industrial engi- 
neer to know that he can instruct a worker at the beginning to 
perform three fixations, and mention that ultimately only two 
fixations should be included. This may effect a faster learning 
period. 


Time Left Hand Eyes Right Hand Right Foot 
At At t 
Partsffransfer Die 
t 
Three Fixational Method tt 
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TE + s HHH Ht Ht 
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TABLE 3 PERCENTAGE CHANGE FROM FINAL NORMAL RUN TO SPEED RUN 


—Left hand ———-Right hand -—-Right foot— 
“ Ti, P,A& Cycle 
Subject no. RL&TE G PP&H TL&D RL TE&G time PD TL&TE 
al — 3.33 — 7.90 — 3.18 —17.82 — 7.96 + 0.65 —7.49 +- 3.33 —11.54 
2 + 0.07 —19.42 +39.01 — 9.55 — 6.15 +13.72 +0.29 — 1.83 —11.18 
3 — 9 AG — 3145 4-13.15 — 4.30 + 7.29" +-"6.75" -+-0,85 —"3-35 +12.66 
4 — 8.98 — 5.24 + 0.38 —18.40 + 7.11 + 4.05 -——5.41 -+37.35 — 4.89 
5 —13.08 + 2.07 —10.70 —19.79 +20.01 — 0.69 —4.18 —83.83 + 0.89 
i 6 ees. bL 955 —16.66.9— 98.75 +1089) E799 —-1.87 — 5.48 +16.27 
Weighted avg, per 
cent change....... 3.05 =A GR cb eee Sie sh iis se eal SSsinis fattest) 


Nors: A negative sign indicates that the speed run was faster than the normal run, and a positive figure indi- 


cates that the ‘‘speed run” was actually slower. 


TABLE 4 PERCENTAGE CHANGE FROM NORMAL SAMPLE TO SOLDIERING SAMPLE 


— Left hand Right hand -——Right foot——X 
; ee P,A& Cycle TL& 
Subject no. RL&TE G &H TL&D RL TE&G time PD TE 
i +22.75 +18.27 +118.63 + 43.91 +152.32 +23.74 +59.05 + 13.08 +34.01 
2 +24.90 + 8.23 + 90.59 + 18.44 + 29.41 +35.20 +381.42 + 1.62 —12..35 
3 +25.36 +47.31 + 46.82 + 62.24 + 16.19 +42.82 +42.80 + 55.52 +44.61 
4 +39.27 +30.58 +160.09 +180.34 — 18.86 +41.17 +76.24 +3349.39 — 7.22 
5 +12.71 +23.27 + 33.97 + 30.59 + 1.83 +31.90 +20.90 + 36.79 +41.29 
6 Henge So-won20) - 10.70 jan... 0) 2.05 +19.51 +10.96 + 23.19 +38.51 
Weighted avg, 
per cent 
change.....- +21.84 421.94 + 74.75 + 56.86 + 27.23 +32.15 +40.99 + 195.13 +25.48 
Norsz: A positive sign indicates more time during soldiering than during last normal run. 


Srupy oF RELATION oF Eye Movements to HAND MovEMENTS 


The film data permit making a simultaneous-motion chart, 
Fig. 10, of the events as they occurred after practicing 10,050 cy- 
cles. It shows the relation of one hand movement to the other, 
the relative duration of the visual fixations, and the instant the 
eyes started to shift. It also includes the action of the leg move- 
ment. 

The two-fixation cycles are segregated from the three-fixation 
cycles, and this offers additional information regarding the 
manner in which the work was performed. 

It was noted that in all therbligs requiring eye fixation, the 
eyes left the scene of action before the action was completed, 
Fig. 10. In making the transfer of the part from the left hand to 
the tweezers, the eyes moved away before the tweezers closed 
on the part. Likewise, when the left hand went to grasp a part 
from the supply tray, the eye moved away before the left hand 
had completed the grasp. Finally in locating the part in the die, 
the eyes moved away before the tweezers released the part. 

From the viewpoint of the industrial engineer, the practical 
result is that the eye precedes the associated TE movement of the 
hand. It is from this viewpoint that quantitative measurements 
were made. 

These findings should be considered in the preparation of a 
synthetic motion cycle. A careful analysis of eye movements 
and eye fixations should be considered. One could not say that 
the eyes always leave so many thousandths of a minute ahead of 
a TE or a TL, because sometimes it may be necessary to check 
visually the part in the die after the hand is away from the die. 
However, a careful analysis of the visual work in conjunction with 
the hand work would make possible a reasonably accurate fore- 
cast of the coordination to be found between these members in a 
motion pattern 


SPEED RuN 


At the end of the last normal run each subject performed 15 
cycles as fast as he could. This is called the speed run. It was 
explained to each subject that data were wanted which would 
reflect his most skillful performance at maximum effort. To be 
sure that fatigue would not affect the results, only 15 cycles of data 
were to be taken after the subject had gained “momentum” by 
performing a few cycles. Table 3 has been prepared to show the 
percentage change from the final normal run to the speed run. 

The following conclusions were drawn from Table 3: 


1 The subjects averaged 3 per cent faster performance for 
the speed run. 

2 Performance during the regular kymograph periods, al- 
though without specific directions for speed performance, was 
evidently at slightly slower speed than top speed. 

3 It appears that the subjects all could perform the TL&D 
element faster at will, but it was at the expense of the other two 
elements for that hand. 

4 The six subjects do not seem to follow a common trend in 
the changes caused by the speed run. 


SoLDIERING 


If each subject, after acquiring a known degree of skill, decided 
to restrict his output, what would happen to the elemental time 
values? In order to explore this question the subjects agreed 
that they would hold back from top performance but only to such 
an extent that the tendency to hold back would not be apparent. 
The amount that each held back was a problem each individually 
solved. Table 4 was prepared to show the percentage change 
from the final normal sample to the soldiering sample. 

The following conclusions are drawn from these data: 


1 The extent to which the subjects increased performance 
time and yet considered it undetectable varies widely ranging 
from 11 to 76 per cent, averaging 41 per cent. 

2 The averages of all elements are affected to some extent, 
the subjects averaging an increase of more than 20 per cent for 
each element. 

3 The element showing the greatest increase in time was the 
TL,PP&H. This element provided a very plausible excuse in 
performing slowly, because, as one observed the workers, he 
could see that the act involved thinking of how to turn the part 
was causing the worker in this element to make slow movements. 

4 There appears to be no common pattern or trend in sol- 
diering. 


CONCLUSIONS 


Ordinarily a study of the conclusions reached in an investi- 
gation of this type will give to the reader a fair understanding of 
the problems encountered in the study. However, because of the 
pioneering nature of this study and because of the recondite 
nature of the findings, a study of the conclusions alone appears 
in this case to be inadequate, unless supplemented with some as- 
sociated study of the details. For these reasons also, a special 
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effort has been made to include, in the body of the University of 
Iowa Bulletin,4 much of the original data and all essential details. 


SUMMARIZED FINDINGS OF THE INVESTIGATION 


The learning curves for the various therbligs show marked 
differences in characteristics. Some of them fall quite rapidly 
and others quite slowly. Clearly then the learning curve for the 
total cycle will be determined by the proportions in which the 
task contains rapidly learned and slowly learned therbligs. In 
the case of therbligs having no bearing on the cycle time, there 
is no definite tendency to reduce the therblig time as practice con- 
tinues. 

The elimination of noticeable fumbles and delays was in this 
study a greater factor in improving the cycle time than was the 
increase in speed alone. Here again, some therbligs are more 
susceptible to fumbles and delays than others, and the cycle-time 
performance will be influenced by the kind of therbligs which go 
to make up the cycle. 

The data are inconclusive as to whether the learning curve 
for any one therblig will be alike or unlike for all subjects. The 
data are also inconclusive as to whether any one subject will 
adopt a predictable pattern for handling the various therbligs. 

It was found that the visual pattern used by the subjects 
changed during the course of the study, and for the most part 
this change took place unknown to the subjects themselves. It 
was also found that the eyes can and do leave the scene of action 
before the action is completed. 

An effort by the subjects to slow up their pace as far as possible 
without the change being detected resulted in changes in time 
for all therbligs, but not uniformly. This same lack of uniformity 
was evident during an effort by the subjects to “race.” 


Discussion 
W. R. Muuien.* Many of us in the field of time-and-motion 


6 Supervisor, Standards Department, American Hard Rubber 
Company, Butler, N.J. Mem. A.S.M.E. 
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study have wondered how long it takes an operator to learn. 
We have been unable to ascertain the facts because we could not 
standardize the conditions as well as in the laboratory. This 
paper clearly indicates that time studies should not be taken on 
an operator before he has practiced the operation perhaps 1000 
cycles. 

In some plants where standards are set from time studies rather 
than from data, it can easily be seen that the resulting time 
standard will be too high. A time study which is taken at the 
beginning of the training period will be about 11/2 times as high 
as that obtained after 1000 cycles, and almost twice as high as 
that taken after, say, 10,000 cycles. This throws a great burden 
on the time-study investigator in attempting to rate such a wide 
variation in performance. Many of us feel that time studies 
cannot be rated accurately for performances which vary more 
than 20 per cent from normal for any given work element. The 
authors’ experience seems clearly to indicate the desirability of 
not taking studies until the operator has become sufficiently 
skilled to eliminate at least most of the fumbling, etc. 

It would be very interesting if another experiment were 
carried out to determine rapidity of learning when both hands are 
used simultaneously. From observations made in the plant, it 
seems evident that a longer period is required under such condi- 
tions. 

Another interesting variation would be to determine the effect 
on learning if the number of therbligs to be learned were increased, 
i.e., if the cycle were made longer by introducing additional work 
elements. Also, to compare the rate of improvement under such 
conditions with that shown in this paper. 

Summing up the discussion, the paper seems to prove the de- 
sirability of establishing time standards from data as compared 
with individual time studies; and indicates that jobs should be 
planned to avoid, as much as possible, conditions which might 
cause fumbles. Two thirds of the improvement noted was in the 
elimination of fumbling and one third was due to faster move- 
ments and better coordination. 


A New Steam Engine and Boiler 


By S. L. G. KNOX,! ENGLEWOOD, N. J., anv J. I. YELLOTT,? CHICAGO, ILL. 


The paper presents descriptions of a new type of steam 
engine and a forced-circulation boiler which were designed 
by Mr. Knox and tested by Professor Yellott. The engine 
has a maximum capacity of 90 hp and is a high-speed com- 
pound reversible unit with uniflow exhaust. The descrip- 
tion relates particularly to the unusual features of the in- 
let valves. The boiler employs a new principle for obtain- 
ing forced circulation. An impeller placed longitudinally 
in a lower drum exerts a pumping action which results in a 
uniform and rapid circulation through a number of riser 
tubes which comprise the walls of the combustion cham- 
ber. The paper is presented as a progress report. It is the 
authors’ purpose by this means to present new and im- 
proved ways of accomplishing familiar ends, rather than to 
give an exhaustive discussion of the development of the 
particular units involved. 


HE current interest in high-pressure prime movers and 
C[ ereed-ciretation steam generators gives timeliness to the 

following brief description of a compact steam plant which 
embodies both of these features. Originally designed to provide 
an efficient, powerful, and directly reversible unit for mobile pur- 
poses, the plant utilizes a high-speed compound uniflow engine, 
for which highly superheated steam is supplied at pressures up to 
700 psi by a unique forced-circulation boiler. In its present 
state, the plant is noncondensing, but the engine may be dis- 
charged into a condenser and utilize to good advantage the addi- 
tional energy thus made available. 

The first part of the paper will be devoted to a description of 
the unique features of the engine. Results are also presented of a 
test run on the engine at the Stevens Institute of Technology. 

The second section of the paper will describe the steam gener- 
ator, which combines the merits of a multitubular water-level 
boiler with the advantages of forced circulation. Test results 
are also presented. 


Tue Knox ENGINE 


The prime mover of this plant is a high-speed compound uni- 
flow engine of the steam-reverse type.® It is designed to operate 
at 1000 rpm, taking steam at 700 psi 750 F, and exhausting either 
to atmosphere or to a condenser. In brief, the engine is double- 
expanding, with one high-pressure and two low-pressure cylin- 
ders. The inlet valves are of the piston type, with certain unique 
variations which will be described later. These valves are actu- 
ated by an auxiliary crankshaft, which is driven by gears from the 
main crankshaft. Exhaust from all cylinders is accomplished by 
uniflow ports, with auxiliary exhaust provided by the piston 
valves. 


1 Consulting Engineer. Mem. A.S.M.E. 

2 Professor of Mechanical Engineering, Illinois Institute of Tech- 
nology. Mem. A.S.M.E. 

3 A steam-reverse engine is one in which the direction of rotation is 
reversed by changing the direction of flow of the steam. This is 
accomplished by using one set of ports in the valves as steam-admis- 
sion ports in one direction, and as exhaust valves in the other direc- 
tion. 

Contributed by the Power Division and presented at the Annual 
Meeting, New York, N. Y., December 2-6, 1940, of Tam AMERICAN 
Socrnry or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


The outstanding feature of the engine is the valve gear, by 
which a number of useful functions are performed without intro- 
ducing more moving parts than the minimum number required 
for a simple nonreversing engine with the same number of cylin- 
ders. Most important of these functions are the provision of ex- 
pansion and the automatic increase of torque at starting and low 
speeds, without additional mechanism. The result of the special 
features of the engine is a steam consumption of 14.6 lb per bhp-hr 
(noncondensing), and an engine efficiency of 53.3 per cent, ob- 
tained under test when the engine was loaded to 70 hp or about 
75 per cent of its capacity. 

The relative size and general appearance of the unit are shown 
in Fig. 1. The general plan of construction is shown in Fig. 2, 


Turn Knox ENGINE 


Fie. 1 


which gives the principal details of construction of the engine, but 
omits the passages by which the steam makes its way from the 
valves to the cylinders. The single high-pressure cylinder, 
31/4 X 41/2 in., is located between the two low-pressure cylinders, 
41/. X 41/, in., as shown in the cross section of the cylinder 
block, Fig. 3. 

Steam is introduced through a control valve which serves both 
as a throttle and as a steam-distributing valve. The direction 
of rotation of the engine is changed from forward to reverse simply 
by pushing the control lever to its forward or reverse position. 


SEQUENCE OF VatyE EVENTS 


When running forward, the steam passes from the control 
valve, designated as V in Figs. 2 and 3, to the inner edges of the 
high-pressure valve, shown as a in Fig. 3. This valve, as well as 
the other two valves b and ¢, is a piston valve. These differ 
from the usual piston valves in two important respects: First, 
the valve has a rolling motion as well as a reciprocating motion; 
thus the path of any point on the valve is anellipse. The second 
unique feature is the serrated edges, which can be seen in Fig. 4. 
The combination of this unusual motion with the shape of the 
valve edges gives rise to the characteristics which will be discussed. 

The high-pressure cylinder discharges into a receiver space, 
which is composed of the unused volume within the engine cast- 
ing. The discharge takes place through exhaust ports in the mid- 
dle of the cylinder which are uncovered by the piston in the con- 
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ventional uniflow manner. Auxiliary exhaust, necessary to keep 
compression down to a reasonable amount, is provided by the 
piston valves mentioned previously. 


MAY, 1941 


As is explained later, each valve is connected to two cylinders; 
the outer edges to one cylinder, the inner edges to another. If 
the direction of rotation of the engine is such that the outer 
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Pian AND Cross SECTION OF THE ENGINE 


Fig. 4 Piston VALves 
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edges of a valve admit steam to a cylinder, the inner edges of the 
same valve will open during the exhaust stroke of the other cylin- 
der, thus providing auxiliary exhaust for the second cylinder with- 
out any additional parts being required. 

Running forward, steam from the receiver is directed by the 
outer edges of valve b to low-pressure cylinder A (Fig. 3) and by 
the inner edges of valve c to the low-pressure cylinder B. These 
two cylinders exhaust through central ports similar to those in the 
high-pressure cylinder, the steam being carried through a mani- 
fold to the exhaust line. Auxiliary exhaust is provided for cylin- 
der B by the inner edges of valve b and for cylinder C by the outer 
edges of valve c. 

The unique feature of this engine, as compared with other 
steam-reverse engines, lies in the fact that each valve supplies a 
particular cylinder when the engine is running forward, but a 
different cylinder when the engine is reversed. When the control 
valve is thrown to the reverse position, steam is no longer ad- 
mitted to the inner edges of valve a, but rather to the outer edges 
of valve c. In the same manner, steam passes from the receiver 
to the outer edges of valve a and the inner edges of valve }, 
whence it passes to cylinders A and B, respectively. The oppo- 
site edges of the valves again act as auxiliary relief valves. It is 
by this means that a cutoff of 30 to 40 per cent (depending upon 
the slope of the serrated edges) can be obtained in all the cylinders 
of this engine. Earlier steam-reverse engines necessarily had 100 
per cent cutoff and consequently their steam rate was several 
times as high as that of the present engine. 

The usefulness of the serrated edges in combination with the 
unusual rolling motion, lies in the fact that the effective cut- 
off can be lengthened, thus increasing the torque of the engine. 
The rolling motion of the valve is imparted by a simple arrange- 
ment which combines a segmental bevel pinion on the valve stem 
with a segment of bevel gear on the eccentric strap. The vertical 
component of the motion of the strap, caused by the rotation of 
the eccentric, causes the valve stem to turn first in one direction 
and then inthe other. Both stem and strap have the same recip- 
rocal motion, and so the gear segments are always in mesh. 

The serrated forward admission edges of the valves, shown in 
Fig. 4, exemplify one of the advantages which may be obtained as 
a result of the combined reciprocating-and-oscillating movement 
of the valves. In an engine where high power-to-weight ratio is 
desired, as was the case in the present engine, this construction 
permits lengthening the admission period for a given angle of ad- 
vance of the eccentrics. This angle is limited to a rather narrow 
range, to obtain reversibility without serious reduction of ef- 
ficiency. Because of the serrations, the valve, rolling over as it 
reaches its dead center, remains open for a longer period than 
would otherwise be possible with the proper angle of lead. 

In engines where the power-to-weight ratio is not a prime con- 
sideration, these serrations can be omitted and the admission 
edges provided with piston rings, thus giving a shorter effective 
cutoff with resultant increase in total expansion ratio. 

At S, Fig. 4, is shown a small slot or notch running longitudi- 
nally. The purpose of this slot is to lengthen the cutoff beyond 
that which would be possible with only the reciprocating motion 
of the valve, when the eccentrics are set at an angle of advance 
which gives an economical point of cutoff. If this slot were 
exposed to steam when the valve approaches the point of admis- 
sion, steam would be admitted to the cylinder so far in advance 
of dead center that the engine would not operate. However, due 
to the rolling motion of the valve, the slot is covered by a bridge 
as it approaches the point of admission, and is rolled out into the 
steam space only after dead center has been passed. It remains 
exposed to steam until nearly the end of the stroke, however. 
Its width ordinarily would be from 2 to 3 per cent of the circum- 
ference of the valve. Thus, when the engine is starting or run- 
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ning at low speed, it is supplied with steam at approximately full 
pressure during practically the entire stroke. As it speeds up, 
the amount of steam which gets through per stroke becomes less 
important. At maximum speed the effect on efficiency is negli- 
gible. Thus, it is possible to obtain the effect of a long cutoff, 
and the resulting increased torque at starting and low speeds, 
with a fixed economic eccentric position. This eccentric position 
would normally give the same short cutoff at all speeds, except 
for this slot and the rolling motion of the valve. In this way is 
obtained the same effect of long cutoff and maximum torque at 
low speeds, with short cutoff and high efficiency at high speeds, 
which in other engines is only obtainable with a number of extra 
moving parts, requiring hand or governor manipulation. 

Engine balance, particularly important because of the high 
operating speed, is accomplished by two sets of counterbalances. 
One set is mounted on the eccentric shaft which rotates in one 
direction in a plane above the cylinders. The other set is 
mounted on the oil-pump shaft which rotates in the opposite 
direction in a plane below the cylinders. The system is so effec- 
tive that there is virtually no vibration when the engine is run- 
ning either forward or in reverse. 

Lubrication of the bearings, cranks, and eccentrics is accom- 
plished by splash and by forced circulation from a small vane 
pump, through holes drilled in the crankshaft, to the surface of 
each crankpin. Lubrication of the valve and pistons is accom- 
plished by a multiplunger lubricator which sends cylinder oil into 
the main line and to each end of the three valves. 

The over-all dimensions of the engine are shown in Fig. 1. 
The weight of the engine is 450 lb and the maximum power of 
the engine is 90 hp, giving a weight of 5 lb per bhp. 


Tue Encine TEsts 


A number of trial tests were made with the engine during its 
development period. The tests followed standard practice. 
Pressures and temperatures were measured with calibrated gages 
and thermometers. Condensate was weighed to determine the 
steam consumption of the engine. Back pressure was atmos- 
pheric in all tests. 

The load on the engine during these tests was supplied by a 
water brake which was constructed especially for this purpose. 
The design established by Professor E. P. Culver was followed, 
and the brake operated in a very satisfactory manner. This type 
of brake was particularly desirable because it operated equally 
well in both directions of rotation. 

The limitation on the output of the engine was imposed by the 
boiler which at the time of the engine tests was unable to deliver 
more than 1000 lb of steam per hr with smokeless combustion. 
Later the combustion was improved until the boiler developed 
more than 1500 lb per hr without smoke. 

The results given inTable 1 are typical of those obtained during 
the tests of the engine. 


TABLE 1 TYPICAL ENGINE TEST RESULTS 


Length of run, Min. .... 02-2 e ese wre e ee stew ence eesti 
Initial pressure, psi abs 
Initial temperature, F.......--+ +e seer rere ees e rests 
Back pressure, psi ab8...-.---- ++ +e errr see e ee ee scree 
Rotative speed, rpM.....- ++ eer terete eee e terete 
Brakeloutput, Wpess sc ole cae cri) ar eee eine tele ees ei 
Steam used, Ib......0+2-secesaenes 

Steam rate, lb per bhp-hr......-- 
Ideal steam rate, lb per bhp-hr... 
Engine efficiency, per cent.......- 
Engine heat rate, Btu per hp-htinecscerdser sec ee x 
Engine thermal efficiency, per OIE M eke oh issn ss abaie: aici ei 14.55 


bho 


6 
19 
3 


The present engine was the first of its type and was designed 
especially with a view to light weight per horsepower-hour, with 
the sacrifice of the maximum efficiency otherwise obtainable. 
In view of this, of its small size and the fact that no changes have 
been made in the design as the result of experience, although vari- 
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ous improvements have been indicated, it is reasonable to assume 
that, with large engines, running condensing, steam consumption 
much below the 14.6 lb per bhp-hr obtained with the present 
engine should be realized. 

If, as may reasonably be expected, a water rate of 10 lb or 
better per bhp-hr should be attained, the fuel consumed per 
horsepower-hour, while considerably greater than that of a Diesel 
engine, would cost less because of the much lower price per gallon 
of fuel usable in the furnace of a boiler, as compared with that 
required in a Diesel. 

Tus Knox Borer 


This boiler, which was developed to supply steam to the Knox 
engine, had to be compact, relatively light, and capable of pro- 
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ducing 1500 lb per hr of steam at 700 psi 750 F with smokeless 
combustion and high efficiency. The necessity for forced circula- 
tion was immediately realized, but the difficulty of controlling the 
once-through or coil boiler made it desirable to retain the stability 
and reliability of the conventional multitubular drum boiler. 

These requirements were met by using a new method of forced 
circulation, whereby a simple impeller in the middle lower drum, 
Fig. 5, causes the water to flow up through the riser tubes which 
surround the combustion chamber. 

The feedwater is pumped into the two steam drums A; and A, 
after passing through the economizers which will be discussed 
later. Leading downward from these two drums are the down~ 
comers, which are located in the third pass of the present boiler, 
and which connect to the two smaller lower drums B, and By. 
The center drum C at the bottom of the boiler is connected to 
the outer drums by headers at both ends, and within this center 
drum is located a hollow impeller. Figs. 5 and 6 show these 
points quite clearly. This impeller is driven by a shaft which 
emerges from the header through a simple stuffing box. When 
the impeller is rotated, the pumping action creates a pressure 
which forces the water in drum C to pass upward through the 
risers which form the walls of the combustion chamber. The 
suction caused by the displacement of this water causes the water 
in B, and B, to flow into the middle drum, and thus a vigorous 
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forced circulation is established. This circulation is quite uni- 
form along the length of the drum, as is shown in Fig. 7. This 
illustration is from a photograph taken when the boiler was not 
under pressure, but when the impeller was being operated. 
Glass plates pressed against the 
end of the drum prevented 
the water from spilling out of 
the boiler. Rough measure- 
ments indicate that the velocity 
is about 4 fps under the circum- 
stances prevailing when the 
photograph, Fig. 7, was taken. 

Since this pumping action is 
assisted by the natural circu- 
lation, it is obviously yet more 
powerful when the boiler is gen- 
erating steam. In fact, the 
pump may be considered as a 
booster, when applied to a boiler 
having natural circulation, add- 
ing to the velocity which nat- 
ural circulation will produce. 
It will be realized that this 
internally assisted circulation 
differs in several important re- 
spects from other well-known 
forced-circulation principles. 
By using the lower drum as 
the casing of the pump, the ex- 
pense of a separate high-pres- 
sure pump is eliminated and, of 
far greater importance, uni- 
form circulation is obtained. 
Balancing of the individual 
water circuits is automatically 
accomplished, since the added 
pressure comes from the cen- 
trifugal action of the impeller, 
which is uniform along the 
length of the drum. There is 
no tendency for the first tubes to rob the remaining risers, as 
long as the runner is adequate in size. 
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GENERAL DISPOSITION OF THE BOILER SURFACE 
The general arrangement of the heating surface is shown in 


Fig. 7 Frow From Risers Intro UppperR Drum 
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Fic. 8 Sxcrion THROUGH CENTER OF BOILER 


Fig. 9 View or Borter WiTH OUTER JACKETS REMOVED 


Figs. 5, 8, and 9. The risers, through which the water is forced 
upward to the drum by the impeller, consist of four rows of stain- 
less-steel tubes, each being 1/,-in. outside diam X 0.43-in. inside 
diam, and approximately 3 ft long. The tubes are staggered, the 
distance between center lines being 13/15 in. The combustion 
space is thus entirely waterwalled, although it was found neces- 
sary to put refractory over the first few rows of tubes near the 
burner to provide radiant heat for vaporizing oil, Fig. 10, thus 
obtaining smokeless combustion and improved efficiency. 

The downcomers are located in the third pass of the boiler. 
The heat transmission is much less intense in these tubes because 
they are not exposed to the radiation from the flame. 

In order to supply dry steam to the superheater, a dry drum D 
is provided above A; and A; and is connected to them by a num- 
ber of small tubes. This dry drum is only necessary because of 
the small diameter of the upper drums in this particular boiler. 
The boiler performed quite well for a long time without this drum 
but, under intensive operation, slugs of water would occasionally 
go through the superheater. In another boiler of this type having 
a single upper drum of a diameter suitably proportioned to the 
capacity of the boiler, no dry drum would be needed and a single 
upper drum would take the place of the three drums at the top of 
the present boiler. Perforated metal screens are also placed 
above the water line in A; and A, to prevent priming, or carry- 
over of large slugs of water. 

The superheater is composed of a spiral coil of tubing and is 
located at the back of the combustion space, facing the burner, 
but separated from the combustion space by a screen of riser 
tubes. It was originally intended to install a second superheater 
around the burner, but this was found to be unnecessary. Con- 
trol of the temperature of the superheated steam was accom- 
plished by injecting feedwater into the inlet of the superheater. 
Steam temperatures above 800 F were obtained, although the 
temperature was usually kept around 750 F. The location of the 
superheater can be seen in Figs. 8 and 9. 

Three economizers are used, with the result that the flue-gas 
temperature leaving the last economizer is always below 400 F. 
The first two economizers are located in the last pass, on each side 
of the unit, in space which is available because the general shape 
of the boiler proper is cylindrical. One of these economizers can 
be seen in Fig. 9 while Fig. 5 alsoshowsthem. The third econo- 
mizer consists of coiled tubing, located in the duct leading to the 
stack. 

Arr Supply AND FiuE-Gas DIsPosaL 


Since the Knox boiler is intended to operate without the bene- 
fit of a stack to produce a natural draft, it is provided with a 
unique forced-draft system. The entire boiler is covered with an 
airtight metal casing, which is in turn partly enclosed within a 
removable aluminum outer jacket, Fig. 5. Between this outer 
shell and the jacket on either side of the boiler is a space through 
which the incoming air is drawn by the forced-draft fan. The fan 
consists of a cast-aluminum impeller, running on ball bearings, 
and driven by a V-belt and pulleys from the motor which also 
drives the water-circulating impeller. Major variations in fan 
capacity are accomplished by changing the driving pulleys and 
minor variations are made by restricting the air intake opening. 

The air, which is drawn in through the fan after having passed 
over the outer shell of the boiler, is then forced through the space 
between the inner and outer shells, and is preheated to about 350 
F before it enters the combustion chamber. The air pressure at 
the burner inlet is about 2 in. of water, under the usual operating 
conditions. As a result of this unusual arrangement of the air 
supply, the jacket around the boiler is at almost the same tem- 
perature as the surrounding air and, consequently, the losses due 
to radiation and convection are negligible. 
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The course of the flue gases can be seen in Fig. 8. After passing 
through the coiled superheater at the rear of the combustion 
chamber, the gases divide and turn back through the second pass, 
in which it was originally intended to locate more superheater 
tubes. Experience showed that the one coil was enough and, 
consequently, in future boilers this empty second pass would be 
omitted and the size and weight of the boiler thus reduced. This 
would also reduce the pressure required to force the gases of com- 
bustion through the boiler. Upon leaving the second pass, the 
gases go back through the third pass in which the downcomers are 
located. The gases then move down, as shown in Fig. 5, into the 
economizer space, and again come to the front of the boiler, where 


Fia. 10 


INSIDE THE COMBUSTION CHAMBER 


they enter the duct which leads to the last economizer and finally 
to the stack. 

The usefulness of the last economizer is demonstrated by the 
test results, which show that the flue-gas temperature entering 
the duct was about 590 F at full load, while the gas temperature 
at the last economizer outlet was about 380 F. 


O1-Burnine EQuipMmENT 


The most serious problem encountered in the development of 
the boiler was the smokeless and efficient combustion of fuel oil at 
extremely high rates in a very small chamber. The combustion 
equipment which was in use when the tests were run consisted of 
four main burners, arranged around a small pilot burner, as 
shown in Fig. 8. The individual burners were located centrally 
in venturi-shaped openings through which the combustion air 
entered. The burners were standard 80-deg tips of the type used 
on domestic units, and the maximum capacity of the boiler could 
be varied by changing the size of the burners. 

The boiler was started by electrical ignition of the pilot burner, 
which was located in the center of the refractory disk. After 
the main burners were ignited, the electrical ignition was shut off. 
The oil supply to the burners came directly from a small motor 
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driven gear pump which kept the pressure at about 160 psi gage. 
The oil supply passed through a solenoid valve which was so con- 
nected into the control system that it could be shut off by the 
various safety devices which will be described. 

The combustion chamber was partially lined with plastic re- 
fractory, as shown in Fig. 10, in order to give sufficient incandes- 
cent radiation surface to vaporize the oil. The amount of this 
refractory lining was determined by experience, and it was kept 
to a minimum so that the surface of the risers would be available 
for absorbing the radiant heat of the flame. 

The furnace volume was about 5.67 cu ft, and this proved to 
be adequate during the official test for the release of 1,970,000 
Btu per hr. The average heat release was thus about 350,000 
Btu per cu ft per hr. Later the rate of smokeless combustion was 
increased to well over 400,000 Btu per cu ft per hr. 


CoNnTROLS AND SAFETY APPLIANCES 


The problem of control in the boiler is greatly simplified be- 
cause of the presence of the large upper and lower drums, which 
give a relatively large water capacity. Should the water level in 
the drums rise or fall as much as 2 in. above or below the usual 
line, no harm would be done. This is equivalent to more than 2 
min output, about 15 times as long as it takes the controls to act, 
and many times as long as would be available for the much faster 
controls required for continuous-tube boilers. This feature of the 
boiler is particularly important, because it means that the fuel 
and water supplies do not have to be instantaneously adjusted. 

Except for the safety valve, all controls are electrically oper- 
ated. The safety valve is a double, spring-loaded poppet valve, 
which is connected to the two upper drums by pipes of ample size. 
The safety valve had no occasion to function during the tests. 

The pressure control consisted of a spring-loaded bellows, 
equipped with contacts which were connected in series with the 
solenoid valve in the oil line. When the pressure rose above the 
set value, the contacts opened, the oil flow was shut off, the four 
main burners went out, and the pressure immediately fell. Since 
there is little refractory in the boiler to provide heat storage, 
there is consequently very little lag in the response of the pressure 
controller. The boiler can operate safely at pressures up to 700 
psi, but during the test it was run at 500 psi gage. 

The high- and low-water controls are of the thermal-expanding 
type, in which a brass tube alters its length in response to changes 
in the water level in the drum. Electrical contacts are opened 
when the water level falls too low, and the fuel supply is thus shut 
off. When the water level becomes too high, another set of con- 
tacts opens and these close a solenoid valve in the suction side of 
the feedwater line. 

Manual control of steam temperature was in use during the 

tests. This control was accomplished by injecting water into the 
inlet of the superheater, the amount of injected water being regu- 
lated by a needle valve. The occasional wide swings of tempera- 
ture which are to be seen in Fig. 11 are due to the fact that the 
water-level control affects the superheat control by altering the 
injection-water pressure. Subsequently, the superheat was con- 
trolled automatically. 
& It should be noted that a water-level glass is provided, the 
connections being taken from the right top drum Ag, in Fig. 5. 
This is an unusual feature for a forced-circulation boiler, since 
most of that type have such wide variations in water level that a 
glass would be impracticable. 

During the test, the boiler was supplied with water by a multi- 
cylinder motor-driven reciprocating pump. The pump was kept 
running at constant speed, and the water delivery was regulated 
by the solenoid valve in the suction line. The water went from 
the pump through two separate circuits, each passing through two 
economizers, and then into one of the two upper drums. 
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TABULATION OF BorLER Data AND Report or TESTS 


The general over-all dimensions of the boiler proper are shown 
in Fig. 9. The height from the base of the boiler to the top of the 
cover over the dry drum is 88 in., the over-all length is 60 in., 
and the width is 36 in. The floor space occupied by the boiler 
is thus 15 sq ft. The secondary economizer is outside of the 
boiler and occupies about 3 sq ft if placed horizontally, or about 
1 sq ft if placed vertically. If the space under the boiler now 
occupied by the fan motor is included, the over-all height is 57 in. 
A motor for driving the fan and runner could be placed within the 
present rectangular space 36 in. wide X 38 in. high, at the end of 


TABLE 2 GENERAL BOILER DATA 
Heating surface 


Primary economizer, Sq ft.... css ceeeenceseereeas 26 
Secondary economizer, Sq ft.....-.-:. sess eee eeeee 32 
Total surface in economizers, sq ft..........+e0ee0- 58 
Downcomer surface, 6d {6.26.60 . see e new linsne 43 
Riser and sereen, 8 {te 0c on swe oe eee es moins 42 
Total evaporating surface, sq ft.........e+eeeeeeee 85 
Superheater surface, sq ft.... 1... see eee eee rere eee 11 
Total heating surface in boiler, sq ft.........+-.--- 154 


Furnace volume 


Combustion chamber, cu ft.......+-ssececennecees SOd 

Total volume within outer shell, cu ft...........+++ 40.3 
Weight data 

Total weight of boiler (including refractory), Ib..... 1235 

Weight of water in boiler, hot, lb..........--.++5. 85 


Combustion data 


Fuel burned—Essoheat medium, No. 2 domestic fuel oil; specific grav- 
ity 0.85 at 78 F; heating value 19,400 Btu per lb; 14.38 lb of air re- 
quired per lb of oil 

Air supply—forced draft, preheated to 360 F, 2-in. water pressure at 
burner intakes 

Burners, number and type—four 80-deg tip, 3 gph capacity 

Oil pressure (during aah 150 to 160 psi gage 
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the boiler, or elsewhere if minimum height is required for the in- 
stallation. If the unused second pass were eliminated, the boiler 
would be only 30 in. wide. Table 2 Gives general boiler data. 
Tests were run on the boiler on June 13, 1939, to determine the 
steam capacity, efficiency, and operating characteristics of the 
boiler at maximum smokeless output with four burners, each 
rated at 3 gph. In brief, the tests were conducted as nearly as 
possible in accordance with the A.S.M.E. Test Code for Oil- 
Fired Steam Generators, although the duration of the tests was 
less than that specified in the code. Table 3 shows the results. 


TABLE 3 FULL-CAPACITY TEST 


AWE HA Nole co hao OO 6 DOD CRE UH TO ePUROMRD ClO pIOIGUOe ecto -ca0 1 
AD YO HS yO O10 HEROS OED LIC C.AS GIL De DIINO ICES tech ONE 6/13/39 
Dura bho Wire erste eae ea es antes akc ain pam, uaa woes, HD atsion|e 21/2 
Steam venerated slp tects a 4 alefoveie sn sta elaleve (nls viv ieiesniets) =) =i 2966 
Rate of generation, lb per hr........-.2eceeeeee cece ereee 1186 
Goin Wd sannaca ob how o soem OGRRMOO OCOD nto Bis orto 254 
Evaporation, lb steam per lb oil.........-.-2- +e eee eee eee ile 
Pressure, average, P81 ADS... 1... 2 eee ee eee eee tense ee 515 
Temperature of steam, average, F........-- 12+ see eeeeeees 755 
Enthalpy of steam, Btu perlb............-.- 1387 
Temperature of feedwater, F.... 71 
Heat added per lb, Btu......... 1348 
Heating value of oil, Btu per lb... 19400 
Efficiency, Per CONG. . 6.0 siv 6 voce e ioe we ree cine etree enone 81.3 
Average CO: in flue gas, per cent.......-- 1... eee e ee eee eee 12 
Airitempersture, ist)scie a. scree a aleledsin cinve's Pin em nb ele wi alr 80 
Flue-gas temperature, F...... ccc eee e eee eee tee teens 380 
Loss to flue gas (approx), per cent...... 0... 2s see eee eres 13.6 


Loss to incomplete combustion, unburned carbon, ete. (by 

difference), per Cent... 1... cee ce rere eet e cere er tere ence 

The data for the tests are given in Fig. 11. It will be seen that 
the boiler was started from a cold condition at 10:03 a.m. The 
steam pressure began to rise almost, at once and reached 500 psi 
within 4 min. The steam temperature rose with equal rapidity 
and reached 700 F within 4 min. The beginning of the test was 
deferred until 10:30 a.m. when equilibrium had been reached and 
all readings were steady. 

The steam pressure was maintained at about 500 psi gage and 
the temperature at nearly 750 F. The variations in the steam 
temperature are due in part to difficulties with the water-level 
control, which altered the pressure of the water which was in- 
jected to control the steam temperature. 

The air and gas temperatures varied but little during the test. 
The air entering the burners remained at 350 F, the flue gas enter- 
ing the economizer at 590 F, and the flue gas leaving the second 
economizer remained at approximately 380 F. The feedwater 
temperature was constant at 71 F. The percentage of carbon 
dioxide in the flue gas ranged between 11 and 12.5 per cent. 

The averaged results have been presented in Table 3. Some 
allocation of the losses can be made from the percentage of CO2 
and the flue-gas temperature. With an average CO, percentage 
of 12, the percentage of excess air was about 27 and the weight of 
dry flue gas produced per pound of oil burned was about 18 lb; 
1.13 Ib of water were produced by burning the hydrogen in the 
fuel. With an average flue-gas temperature of 380 F, losses were 


Per cent 
Loss to water VADOr....---e erence te eee e ete eee eee ne tes 6.93 
Unavoidable loss to dry gasS.....-.--0 ess cece eee sees 5.25 
Avoidable loss to excess Air.....-. eee eee te teens 1.44 
Total loss to AUC @aseS....-..-. ++ -mee nm es eter ene nee 13.62 
Percentage absorbed by water and steam (efficiency)...... 81.3 
Unaccounted for (difference)......+...- see steerer eens 5.08 


There was no smoke whatsoever during this test, and the boiler 
functioned smoothly. The test was terminated at 1:00 p.m. be- 
cause it was felt that sufficient data had been obtained to give a 
reliable picture of the boiler performance. 

The unit was quiet in operation, the two outer jackets serving to 
muftle the noise of the fan and the flame. There were no difficul- 
ties with the pressure control, nor any puffs when the burners 
went back into action after being shut off for a time. Ignition 
was positive and immediate. 

Measurements for carbon monoxide in the flue gas were not 
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Fig. 12 Front AND S1pp Vinws oF Proposep Two-Drum BoiLier 


made during the test, since none had been found during the many 
earlier tests of the boiler at which the authors were present. In 
view of the large excess-air percentage, it is unlikely that any 
appreciable carbon monoxide existed. 

There were no deposits of carbon in the combustion chamber, 
as Fig. 10 indicates. The refractory lining and the screen tubes 
were entirely free of carbon, and only a thin layer of soot adhered 
to the riser tubes. Furnace temperature was not measured but, 
judging from the color of the flame and from the heat release, it 
must have been very high. 

No trouble was experienced with the packing on the impeller 
shaft, despite the fact that the pressure was between 500 and 600 
psi, and the water must have been nearly saturated. Both fan 
and impeller were driven by the same 1.5-hp a-c motor. 

After completion of the reported test, further development and 
tests of the boiler were conducted. During these tests, slightly 
over 1500 Ib of water per hr were evaporated with smokeless 
combustion. While the boiler weighed 1235 lb, 300 lb of this 
were due to portions of the boiler installed for sound protection 
only, bringing the net weight of the boiler down to 935 Ib. If 
correction is made for the amount of steam which would have been 
generated with the same fuel consumption, and at the same tem- 
perature, had the water been condensed and recirculated to the 
boiler at 200 F, it will be found that the weight of the boiler per 
pound of steam evaporated reduces to 0.56 lb. 

The extremely high heat release, 430,000 Btu per hr per cu ft of 
combustion space, without harmful effects upon the tubes, re- 
fractory, or the general structure of the boiler, testifies to the effec- 
tiveness of the unique circulatory system used in the boiler. 

The boiler as described was built with the special view of mini- 
mum over-all dimensions for a given output. Two water-level 
drums were used to obtain'a maximum area of steam-release sur- 
face without the increase of height and weight which would have 
resulted had a single drum of equal steam-releasing surface been 
used. Where these limitations which controlled the design of 
this particular boiler are not essential, the boiler may be built 
with two drums instead of six, the downcomers consisting of large 
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Fig.13 Propospp Merson or DRrivING THE IMPELLER 


tubes connecting the upper and lower drums at their ends, all the 
small tubes being risers. Such a construction is shown in Fig. 12. 

Fig. 13 shows an improved method of driving the runner. The 
runner shaft carries a gear which connects with another below the 
driving shaft, running beneath the boiler and throughout its full 
length. This driving shaft is surrounded by a pipe carrying the 
feedwater. Thus, the packing is not subjected to high tempera- 
ture, and could, in fact, be omitted, as the amount of water which 
would leak back along the driving shaft would be insignificant. 
Since it would go directly into the feedwater, there would be no 
loss of heat. 


CoNCLUSION 


This paper has been devoted to a presentation in some detail of 
the unique features of an engine and a boiler, each of which is 
thought by the authors to embody certain advances over current 
practice. The test results are representative of the performance 
of these units. 
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KNOX, YELLOTT—A NEW STEAM ENGINE AND BOILER 


Discussion 


F. O. Evtenwoop.‘ This paper is interesting and stimulating 
because it contains considerable information about a new engine 
and boiler, concerning which future progress reports will be wel- 
come. The present performance data suggest interesting possi- 
bilities and it is sincerely hoped that future developments may 
place both the new engine and the new boiler on a successful pro- 
duction basis. 

The test data show an engine efficiency of about 53 per cent, 
which is an excellent performance for an engine of this size. In 
this connection, will the authors indicate where the chief losses 
occur in this engine? In other words, what portion of the avail- 
able energy is not utilized by reason of cylinder condensation, 
mechanical losses, thermal losses from the outside of the cylinder, 
and fluid-friction losses? 

The new system of forced circulation in the boiler seems to be 
excellent and it is hoped that periods of long runs will still find 
it functioning properly. The improved method of driving the 
impeller, as indicated in Fig. 13 of the paper, seems to the writer 
to be a step in the right direction. 

For a steam generator of this capacity to give an efficiency of 
81 per cent, as has been shown by the test, means that great care 
has been taken in its design, and the writer desires to congratu- 
late those who have been responsible for the development of 
this unit. 


4 Professor of Heat-Power Engineering, Cornell University, Ithaca, 
N. Y. Mem. A.S.M.E. 
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W. F. Ryan.® It is regrettable that the authors did not in- 
clude in the published data the power consumption of the aux- 
iliaries during the tests of this very interesting steam-generating 
unit. 

In view of the relatively high draft loss and the power input to 
the circulating pump, it would ordinarily be assumed that the 
auxiliary-power consumption would be an excessive proportion 
of the limited output of the combined engine and boiler unit. 
If this is not the case it would naturally increase the value of the 
paper to indicate that fact by actual test results. 


AvutTHors’ CLOSURE 


In reply to Professor Ellenwood’s comments it is probable that a 
large portion of the losses in the engine are due to fluid friction. 
The unusual valve arrangement of this engine is possible only be- 
cause of the somewhat involved paths through which the steam 
is led to the appropriate cylinder, and it is necessary to sacrifice 
some efficiency in order to attain the ends which were sought in 
the design. 

In reply to Mr. Ryan, the power consumed by the a-c motor 
which drove both the fan and the impeller was about 0.75 hp. 
During a typical run, the current to the motor was 9 amp, at 
220 v. The boiler feed pump which was used during the tests was 
driven by a large d-c motor for speed control, and the power which 
it required was far greater than that which would have been 
needed by a more efficient combination. In any event, the feed- 
pump power with this boiler should not be different from that 
with any other boiler of similar pressure and steam generation. 


5 Mechanical Engineer, Stone & Webster Engineering Corpora- 
tion, Boston, Mass. Fellow A.S.M.E. 
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A Study of Circulation in High-Pressure 
Boilers and Water-Cooled Furnaces 


By JOHN VAN BRUNT,! NEW YORK, N. Y. 


This paper is devoted to a discussion of the elements of 
boiler and furnace design dealing with the problem of ob- 
taining adequate circulation for the higher pressures now 
demanded by current practice. After explaining the ac- 
tion within a simple evaporating circuit, the author indi- 
cates the procedure in analyzing waterwall circuits and 
calculating the circulation in boiler tubes. 


NOMENCLATURE 
THE following nomenclature is used in the paper: 


D, = density of saturated water, lb per cu ft 

D, = density of downcomer mixture, lb per cu ft 

D, = density of riser mixture, lb per cu ft 

d = tube diameter, ft 

f = dimensionless friction factor 

g = acceleration due to gravity, fps per sec 

H = total heat absorbed by tube surfaces of furnace and boiler, 
Btu per hr 

L_ = height from water level in drum to bottom of the circuit, 
ft 

L, = distance from furnace floor, per cent of the furnace 
height 

1 = length of tube, ft 

l, 2 = see Q; and Q, 

Q = heat absorbed in distance Z; as per cent of total heat ab- 


sorbed by furnace 
Q: = heat absorption by lowest portion l, of furnace-wall tube 


Q, = heat absorption by greater portion l, of furnace-wall tube 
including J, 

S = summation of all losses due to flow velocity 

V_ = linear velocity, fps 

Vi = linear velocity at entrance, fps 

V2 = linear velocity at exit, fps 


BoILERs IN GENERAL 


High-pressure steam-generating units of capacities and types 
installed and operated during the last few years are, with few ex- 
ceptions, fired by pulverized coal in more or less completely water- 
cooled furnaces. 

The problem of designers of such units is to provide a furnace 
of correct design to burn the specified fuel satisfactorily and, in 
addition to the furnace walls, such convection surface as is 
necessary to generate the required amount of steam. Super- 
heating surface, economizer and air-heater surface must be 
provided and proportioned to give the desired over-all operating 
characteristics and efficiency. 

It is not the purpose of this paper to go into the details of such 
proportioning of surfaces, but rather to bring out the elements 
of the circulating system and to show that the design discussed is 
both simple and adequate. 


1 Vice-President in Charge of Engineering, Combustion Engineer- 
ing Company. Mem. A.S.M.E. 

Contributed by the Power Division and presented at the Annual 
Meeting, New York, N. Y., December 2-6, 1940, of Tam AMERICAN 
Society or MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


Natural circulation in a boiler may be defined as the movement 
of water, and steam and water, through the boiler tubes in con- 
formity with the available head or difference in density of the 
circulating fluid in the downcomer and riser circuits. 


ANALYSIS OF SIMPLE CircuIT 


The simplest evaporating circuit is a U-tube Fig. 1(@), of uni- 
form diameter and without restrictions in either the riser or 
downcomer leg. Such a circuit will, when heated on the riser 
leg, produce the maximum circulation, that is, it will pass 
through the circuit a maximum weight of water and steam for 
given conditions of tube diameter and head. 

Any departure from this simple circuit which introduces re- 
sistance to flow, such as headers or junction boxes at X, or re- 
duced area of tubes Y Fig. 1(6), will reduce the weight of water 
circulated. Heating the downcomer Fig. 1(d), or reducing the 
height, Fig. 1(c), will decrease the available head and, therefore, 
the flow. 

Consider for example a simple U-tube circuit as in Fig. 1(a), 
having 30 ft of vertical heated length with the downcomer leg not 
heated, and passing water at the saturation temperature. As- 


a b c 
Fie. 1 Evaproratine Circuits or Various ForRMs 


sume that the mean density of the mixture in this riser is 0.8 
that of saturated water in the downcomer; then 24 ft of water in 
the downcomer will balance 30 ft of the mixture. Since there is 
30 ft of solid water in the downcomer the static headis 6 ft. This 
6 ft of head is available to overcome all friction and other resist- 
ances in the circuit. In the circuit considered, there are five 
losses; namely, entrance resistance, friction in the downcomer 
and in the riser, loss due to accelerating the mixture in the riser, 
and the exit loss from the riser. If these losses, expressed in feet 
head of saturated water, total 6 ft, the circuit is in equilibrium 
with 0.8 density in the riser circuit. If at an assumed velocity 
the resistances total but 4 ft, more water will flow through the 
circuit, thereby increasing the density in the riser and reducing 
the static head, and increasing the velocity and magnitude of the 
losses until equilibrium is established. Should the resistances at 
an assumed velocity total 8 ft, less water will flow through the 
circuit, thereby decreasing the density in the risers, increasing the 
static head, and reducing the velocity and resistances until 
equilibrium is reached. 

If, in the same circuit, we assume that the downcomer is 
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heated and that the steam is generated in the downcomer in an 
amount sufficient to reduce the mean density of the downcomer 
mixture to 0.9 that of saturated water, this mixture will enter 
the riser in which additional steam is generated to give a mean 
density of 0.7 of saturated water. The equivalent static head is 
(0.9 X 30) — (0.7 X 80) = 6 ft, which as already noted is avail- 
able to overcome resistances. 

From the foregoing rough illustration, it will be seen that 
circulation will be stabilized at whatever density and velocity 
exists when all losses equal the static head; i.e., head in down- 
comer equals head in riser plus all losses expressed in head. 

The term ‘‘dryness fraction’ is the percentage of steam by 
weight in the mixture. ‘Top dryness” is the percentage by 
weight of steam at the top of the tube or at the point where heat 
input ceases. 
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Inasmuch as the static head available to overcome all resist- 
ances depends upon the density of fluid in the risers and down- 
comers, any analysis of circulation must begin with the deter- 
mination of the density. This must be based on the correct 
rate of heat absorption by the exposed surface in the circuit being 
analyzed. 


Densiry Versus Heat ABSORPTION 


Fig. 2, curve 1, gives the true mean density in a heated riser 


Qi l 
for heat absorption based on Q cm Sa or expressed in the per- 


I, 
centage absorbed in any portion of the tube, Q (per cent) 
= 10 W/Z).2 Curve 2 shows the mid-point density based on 60 
per cent of the heat absorbed in the bottom half of the tube. 
Curve 3 shows the mid-point density for 50 per cent heat ab- 
sorbed up to mid-point. Curve 4 is the true mean density for 
uniform absorption, and curve 5 is the arithmetic-mean density. 
All of these curves are based on saturated water entering the 
bottom of the tube. 

Fig. 3 illustrates the changes in density along the tube, the 


Qi 4, 
lowest curve is based on Q: =4-. 
2 Lb 
4 


L and the top curve is the arithmetic 


The next curve corresponds 


to a heat input of os = 
Qe 


mean of entrance and exit densities. The curves in Fig. 3 are 
plotted for saturated water at the bottom and a top-dryness 
fraction of 0.18, corresponding to a top density of 13.3 lb per cu ft, 
and a relative top density of 0.305 that of water at saturation 
temperature. 

To visualize further the effect which these methods of calculat- 
ing density have on the available static head, the available head 
for 100 ft of height of mixture when balanced against 100 ft of 
saturated water is shown in Fig. 4. 

In analyzing the circulation in a furnace-wall circuit, one must 
start with the total heat absorbed at maximum load and, as may 
be seen from the curves in Figs. 2, 3, and 4, select the absorption 


2‘Pactors Affecting Metal Temperatures of Furnace and Boiler 
Tubes,” by W. 8. Patterson, Combustion, August, 1940, pp. 24-29. 
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TOP DRYNESS FRACTION 


Fig. 4 Errecr or Densiry-CaLcuLaTING MrrHops ON AVAILABLE 
Sratic Hpap 
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rates along the tube which will give the correct density. Den- 
sity calculated for conditions of curve 1, Fig. 2, will give the 
maximum available head. However, it is quite probable that 
ash or slag accumulations on the lower part of furnace walls 
will at times lower the absorption rate in the lower part of the 
furnace. Design must provide for these unfavorable operating 
conditions, such as producing minimum available head. These 
conditions may result in uniform absorption for each increment 
of tube length and, under some unusual furnace condition, per- 
haps localized on a few tubes, it is possible that the absorption in 
the upper half of the tube may exceed that in the lower half. 
Such a condition will result in a higher mean density than that 
shown by curve 4, Fig. 2. 


CALCULATIONS FOR FuRNACE TusBEs oF TypicaL UNIT 


For purposes of analysis of waterwall circuits, a unit of 650,000 
lb per hr capacity at 1350 psi pressure and 925 F total steam 
temperature is selected. Fig. 5 is a diagram of such a unit. 

From Fig. 5, it will be noted that the rear waterwall risers are 
connected through the lower drum to the fourth and fifth rows 
of tubes. An alternate connection to the top drum is indicated 
by the dotted line joining the rear waterwall with the front row of 
boiler tubes. Hither arrangement is satisfactory, the selection 


depending upon the spacing of front boiler tubes, which in turn 
is fixed by the number of superheater elements. 


Fie.5 Srpam-GENnERATING Unit oF 650,000 Lp prR Hr Capacity at 
1350 Pst anp 925 F Torat Steam TEMPERATURE 
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Steam generated in the boiler downcomers returns to the upper 
drum through some of the tubes in the fifth row. 

The feedwater temperature leaving the economizer is as- 
sumed to be 470 F. This feedwater will be raised to saturation 
temperature in a steam washer; to do this, 170,000 lb of steam 
per hr will be condensed in the washer. All of the water enter- 
ing into circulation beyond the drum containing the washer will 
be at saturation temperature and, therefore, all heat absorbed 
by evaporating tube surface will produce steam. H + 584 = lb 
of steam (where H is the total heat absorbed by the unit and 584 
is the heat of evaporation), and the total steam to be generated 
will be 650,000 + 170,000 = 820,000 lb per hr. 

The furnace is 30 ft wide and the boiler 35 tubes wide. There 
are three rows of tubes ahead of the superheater and eight rows 
behind it, of which the fourth and fifth rows are risers, the sixth, 
seventh, eighth, and ninth downcomers, and the tenth and 
eleventh downcomers from the rear or offtake drum. Also, 
there are 35 horizontal water circulators between the two upper 
drums. 

The furnace is so proportioned that 730,000 lb of steam per hr 
will be generated in the walls, 50,000 Ib in the front three rows of 
boiler tubes in addition to that absorbed in those tubes by direct 
radiation from the furnace and, in the remaining eight rows 40,000 
lb, of which approximately 25,000 lb will be evaporated in the 
four rows of downcomers, Nos. 6, 7, 8, and 9 and 12,000 Ib in 
risers Nos. 4 and 5. 

The wall-tube units are two 3-in. bifurcated tubes, each pair 
of 3-in. tubes being forged into a short 3!/,;in. end at top and 
bottom. The bottom of the furnace is made up of 70 fin tubes 
3 in. diam, the front and back walls of 110 tubes 3 in. diam or 55 
pairs of 3-in. bifurcated units, and the side walls of 80 tubes 3 in. 
diam or 40 bifurcated units. The four furnace walls are supplied 
by 72 downcomers 31/2 in. diam between the lower drum and the 
round distributing header. 

From the distributing header 70 nipples 3 in. diam lead to the 
rear waterwall header and 20 tubes 31/2 in. diam to each of the 
lower side-wall headers. The upper front-wall header is con- 
nected to the front drum by 70 fin tubes 3 in. diam and the up- 
per side-wall headers by 30 tubes 3 in. diam. 

Using an average absorption rate of 70,000 Btu per sq ft pro- 
jected area of furnace wall per hr, the evaporation in each 60 ft of 

0.25 x 60 X 70,000 
584 
lb of steam per hr. Using this figure, the steam generated in the 
furnace walls will be as follows: 

Front wall, 110 * 1800 = 198,000 lb; rear wall 110 « 1800 = 
198,000 Ib; side walls 80 X 2 X 1800 = 288,000 lb. The roof 
of the furnace with an estimated absorption rate of 40,000 Btu 
per sq ft per hr will evaporate 45,500 Ib per hr. This makes a 
total evaporation of 729,500 lb per hr. The remaining 90,000 
Ib of steam will be generated by convection in the eleven rows of 
boiler tubes as previously described. 

An analysis will be made of the circulation in the front water- 
wall, side wall, and front row of boiler tubes only. These will 
serve as examples of the method which can be applied to any 
circuit in the boiler. 

Briefly stated, the problem is to determine the equilibrium 
point at which the available static head is equal to the sum of all 
losses in head due to velocity 


3-in. front and side-wall tube will be = 1800 


in which 


‘D density of water at saturated temperature, lb per cu ft 


density of mixture in downcomer, lb per cu ft 


d 
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D, = density of mixture in riser, lb per cu ft 

L = length (height) from water level in drum to bottom of 
circuit, ft 

S = sum of all resistances 


To determine the total amount of water entering the bottom 
of all evaporating tubes divide the total weight of steam gener- 
ated by the assumed top-dryness fraction, From the weight 
of water thus found subtract the weight of steam to find the 
amount of water discharged into the front drum. Similarly, to 
find the amount of water entering the furnace-wall tubes, divide 
the weight of steam generated in the walls by the assumed top- 
dryness fraction. 

From the weight of water discharged by the front drum, sub- 
tract the amount flowing through the horizontal water circula- 
tors to the rear drum to obtain the weight flowing through the 
boiler downcomers. 

From these flows, the velocities of water in the boiler and water- 
wall downcomers is obtained for any top dryness. The water to 
the furnace walls is assumed to be distributed to the four water- 
walls in proportion to the calculated requirements. 

These flows and velocities for front and side-wall circuits are 
given in Table 1, as well as other necessary velocities, also mean 
densities, top densities, and available head. Mean densities are 
taken from curve 4, Fig. 2. 


FLOWS AND VELOCITIES, ETC., FOR FRONT AND 
SIDE-WALL CIRCUITS 


TABLE 1 


Top-dryness fraction (assumed)... 0.135 0.15 0.165 0.18 
Steam generated, lb per hr........ 820000 820000 820000 820000 
Water to evaporating surface, lb 

Decree ee ee 6080000 5460000 4970000 4550000 
Steam to rear drum, lb per hr.. 820000 820000 820000 820000 
Water discharged to front drum, 

Ibiperthines mates eocke eee 5260000 4640000 4150000 3730000 
Water flow to rear drum, lb perhr... 1330000 1330000 1330000 1330000 
Water to boiler downcomers, Ib 

pervhrh. hedasha.patvanh aul des 3930000 3310000 2820000 2400000 
Water to waterwall downcomers, 

Ibiper brie ere ae ieee 5400000 4875000 4450000 4050000 
Velocity in boiler downcomers, fps. 5.95 5.05 4.35 3.65 
bine a in waterwall downcomers, 

ERAS ctvavel a alles ole daronete’ «eet pacteterete 11,6 10.5 9.55 8.75 
Velocity in 18-in. connecting nip- 
les EDS isch te thes atau nenet ore 8.9 8 7.3 (Bac 
Ve ocity in floor tubes, fps 4.45 4 3.65 3.35 
vas in side-wall downcomers, 
8.1 7.35 6.65 6.1 
4.72 4.25 3.83 3.54 

Dp! 2.83 2.55 2.32 2.12 
Mean density in 3-in. wall tubes, 

Ib per ow ft.) neecce cnet ie 25.25 24.37 23.5 22.7 
Velocity at point of mean density, 

Jt tage a Oo ORR reenter 4.87 4.55 4.28 4.15 
Density at top of 3-in. wall tubes, 

Wbiper Curiten cscs: «eee onto 17.03 15.05 14.1 13.3 
Velocity at top of 3-in. wall tubes, 

FDS erivoss) sheccte haeshuays liye. aasuere ortee ath 7.4 7.15 6.9 
Ve pocies entering roof tubes, fps.. 12.1 i eye Te25, 10.85 
Density leaving roof tubes, lb per 

WU EG sc clcata te a ick n emi enemies 14.3 13.3 12.45 11.8 
Velocity leaving roof tubes, fps... 13°5 13.1 12.7 12.4 
Available head, assuming saturated 

water in downcomer, {0.5 scence 25.2 26.3 27.5 28.7 
Velocity in side-wall risers, fps..... 15.4 14.8 14.3 13.8 


From these velocities and densities, the various entrance, exit, 
friction, and acceleration losses are determined. Considering a 
circuit from the front drum through downcomers and up through 


TABLE 2 
Entrance Exit 
Boiler downcomers, ft. . 0.147 0.294 
Waterwall downcomers, ft 0.707 1.415 
«18-In. nipples, ft......... 0.415 0.830 
Rlooritubes;it..-nec cane 0.104 0.208 
60-In. wall tubes, ft...... 0.228 0.730 
Roof tubes; ftaogoe easier 0.665 0.72 
Side-wall downcomers, ft. 0.345 0.69 
60-Ft side-wall tubes, ft.. 0.228 0.730 
Side-wall risers, ft....... 0.955 0.955 


re front-wall circuit, 
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the front wall, there are twenty-one distinct losses, including en- 

trance, exit, and friction in boiler and waterwall downcomers, in 

18-in. nipples, in floor tubes, in furnace-wall risers, and in roof 

tubes; in addition there are acceleration losses in boiler down- 

comers, furnace-wall risers, and in roof tubes. Entrance resist- 
2 

ance cannot exceed : : X relative density. Exit resistance 


V2 
cannot exceed a times relative density. For friction loss the 
g 


4f lV? 


Fanning equation is used. Friction loss 7 X relative den- 


sity. Relative density is evaluated at the point where velocity 
is calculated. 


V = velocity at point of mean density, fps 
g = 32.2 fpsps 
f = 0.006 
lt = length of tube, ft 
d = diameter, ft 
ee ee 
FRGNIT | ROW sane 1 [y- 
9 } LOSSES | 
Sea i | 
Leal ete ADI _| El 
SannEe helio 
t-t+—6+ te a it ¢--f-4 + 4 
de| | jd7! | [de Cis 
PL [7 Te? Ga Ee on | ra 
Bet nae is 
{ i iene a 
Fil | KH Hie Enem t 
a6) al ae Bel 
| SIDE WATER mac bsses 
ded | i WATER| | 
y si dl 
Available HEAD 
se + i laa Shoals 
FRONT Fre WAL qos : laced 
| 
[el ae ale: 
a RHEE H 
Welt 4 
[ aS ane 
jinn ot Bax: auNwes ieee ian | 
1 -/ Y, 7] i 2 W 
Fic. 6. -Loss in Heap ror Various Top-Dryngss FRACTIONS 


RESISTANCES DUE TO VELOCITY 


Accelera- Total Total 
Friction tion front side 
0.97 aS 1.41 or 
7.85 ae 9.92 11.33 
0.167 ic 1.41 Be ore, 
0.228 ae 0.544 égie 
1.15 0.35 2.458 aR 
2.04 0.44 3.86 «oe 
2.7 teers 3.735 
1.15 0.35 2.458 
3.6 aa 5.5 

19.602 


23.023 
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Vi 
Th leration | — 
e acceleration loss is 39.9 (V2— 


entrance and V2 = velocity at exit. 

There may be some differences of opinion as to the correct or 
most logical method of figuring friction losses in heated tubes. In 
this paper, the friction factor of 0.006 is used, although 0.005 is 
generally accepted. It can be seen, however, that even if 
the friction losses in the riser tubes are doubled, the top-dryness 
fraction of both side and front walls will still be less than 0.17. 

As an example, an analysis of flow through the front and side- 
wall circuits with a top-dryness fraction of 0.165 will be taken. 
For this condition, the velocities, head, densities, etc., will be as 
given in column 3, Table 1. 

Because of the change in area, where the 3!/,-in. bifurcated 
end joins the wall tubes and the change in direction and turbu- 


lence, the entrance resistance in the bottom and top wall header 
Vv? il ye 
will be figured as — instead of > Sa 
2g 2 29 


From the flow and velocities in column 3, Table 1, the resist- 
ances in the various elements of the circuits in feet of water at 
saturation temperature are calculated and listed in Table 2. 

Similar calculations for top-dryness fractions of 0.135, 0.15, 
and 0.18 may then be plotted, as in Fig. 6. At the intersection 
of the available head and resistance curves, the circuit is in equilib- 
rium and the corresponding top-dryness fractions that exist may 
be read from the curve. 


Vi), where Vi = velocity at 


CALCULATIONS FOR BoILeR TUBES 


The same method is applied to the circulation in the front 
bank of boiler tubes. Taking one of the front rows of boiler 
tubes, the evaporation is first determined by adding to the heat 
input by radiation, the convection transfer, and dividing by the 
latent heat. The evaporation per tube is approximately 2400 lb 
per hr. Again, as with the furnace tubes, this weight is divided 
by the assumed top-dryness fraction to find the weight of water 
entering the bottom of the tube. 

As 25,000 Ib of steam is generated in the boiler downcomers, the 
mean density in the downcomers is determined from the amount of 
steam generated and the flow through downcomers corresponding 
to the assumed top-dryness fraction. Velocities through the 
entire circuit and other necessary data are given in Table 3. 

At 0.18 top-dryness fraction 2,400,000 lb of water flow through 
the boiler downcomers. The mean density in the downcomers is 
approximately the same as the mid-point density, thus 2,400,000 
—12,500 = 2,387,500 lb of water per hr. The pole of steam 
and water = 58,875 cuft; density = 2,400,000 + 58,875 = 41 lb 
per cu ft. Relative density = 41 + 43.5 = 0.94. For other 
dryness fraction the densities are 41.2, 41.5, and 41.8, and the 
relative densities 0.945, 0.955, and 0.962. 

The tubes in the front row of the boiler are 3 in. diam and ap- 
proximately 34 ft long. There are only four resistances; namely, 
entrance, exit, friction, and acceleration. From inspection of the 
losses calculated for the waterwall circuits, it is obvious that with 
top-dryness fractions of 0.15 or more the available head will be 
greatly in excess of that required. To plot the equilibrium curves 
for the circuit, assumptions of 0.10, 0.08, and 0.06 top-dryness 
fractions will be used. No attempt will be made to correct 
the flow of water through the boiler downcomers to correspond to 
these assumed dryness fractions as the change in relative density 
would be small. The essential data are given in Table 3. 

The available heads and losses are plotted at the top of Fig 6 
and the head and loss curves drawn through the points. The 
intersection will be found at 0.075 top-dryness fraction. 

The upper available head curve Fig. 6, is based on saturated 
water in the downcomers. Correcting this curve for down- 
comer densities of 0.94, 0.945, 0.955, and 0.962, respectively, at 
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TABLE 3 FLOW DATA, FRONT ROW OF BOILER TUBES 


Top-dryness fraction (assumed).............. 0.06 0.08 0.10 
Lb of’steam: per hr per tubes «...-.s00 saree. «cee 2400 2400 2400 
Amount of water entering bottom of tube, lb... 40000 30000 24000 
Wolumejofawatergetcn nti ay. neteee ees 0.256 0.192 0.1535 
Melocitysentering. ipsecsa-.. ersten: eerie mente: 8.45 6.4 ‘iyi 17) 
Mean density from curve 4, Fig. 2, lb per cu ft. 32.4 30.0 28.0 
Velocity at mean density point, fps eee 11.35 9.3 7.96 
Velocity at exit, fps.. if, Rete AIRS 15.0 12.9 Biz; 
Density at exit, lb per Ch brert eee ae 2450 21.8 19.0 
Head in downcomer, saturated water, ft 20.8 Pap ie pat fi | 
Head of saturated water in riser, ft.. siserias — PAUSCH) 19.2 17.9 
Available head, saturated water, ft........... 6.45 8.0 9.2 
Entrance loss, saturated water, ft....... 323 0.55 0.32 0.203 
Exit loss, saturated water, ft.. Bee chet rae 2.18 1.30 0.930 
Friction loss, saturated water, ft. Pes teak 6 20 3.95 2.650 
Acceleration loss, saturated water, ft. en Ae iG rel 1.30 1.040 
Total losses, ft 10.64 6.87 4,823 


0.185, 0.15, 0.165, and 0.18 top dryness, the head will be as in 
the lower curve. The top-dryness fractions at the equilibrium 
points are 0.145 for the front wall and 0.155 for the side wall. 

It is possible to equalize the flow velocity in side and front walls 
either by increasing the resistance in the front-wall circuit, or 
decreasing the resistance in the side-wall circuit. 


CoNCLUSIONS 


It appears from the foregoing analyses that the circulation in 
high-pressure units of the type illustrated is adequate for the 
maximum load conditions and with a comfortable margin for 
substantial overloads. 

Similar analyses of furnace-wall tubes 21/2 in. outside diam 
show equally adequate circulation. 

Should it be necessary to reduce the losses below-the figures 
submitted herein, downcomer areas should be increased. 

If the height of boiler furnace is decreased, the available head 
and friction losses in the downcomers and risers also decrease. 
All inlet and outlet losses and friction losses in the horizontal 
members are unchanged; therefore, there is a lower limit of 
height below which the circulation would become progressively 
less until the top-dryness fraction approaches unity, under which 
conditions the evaporating tubes would fail from overheating. 
It is obvious, therefore, that for high-capacity units of low height, 
natural circulation may become inadequate. 

For those who are interested, a more complete analysis of cir- 
culation flow, reference is made to a recent paper,? by W. Yorath 
Lewis and Struan A. Robertson. 


Discussion 


E. G. Barny.? The author has shown the application of the 
well-known fundamental laws of boiler circulation to a large 
high-pressure steam-generating unit of recent design. This 
undoubtedly will give many engineers a clearer picture of the 
problems involved in calculating circulation than they have had 
from the simpler illustrations available in the engineering litera- 
ture. 

While the author has made clear his assumptions and his 
general procedure in carrying out calculations, the writer believes 
it should be brought out even more clearly that assumptions 
should be correct, if the final calculations are to be in keeping 
with the actual results from the unit in operation. 

It should be further emphasized that experimental results 
from actual tests should be used to confirm or modify some of 
the more important assumed factors. The author amplifies 
the different methods of calculating mean density of steam- 


3 “Circulation of Water and Steam in Water Tube Boilers and the 
Rational Simplification of Boiler Design,” by W. Yorath Lewis and 
Struan A. Robertson, Proceedings of The Institution of Mechanical 
Engineers, London, England, vol. 143, June, 1940, pp. 147-175. 

4 Vice-President, The Babcock & Wilcox Company, New York, 
N. Y. Mem. A.S.M.E. 
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water mixtures, which is the fountainhead of boiler circulation. 
From actual field data, it is believed that the effective circulating 
head is likely to be less than any of the assumptions he has made, 
and certainly less than the “true mean density”’ used in the final 
calculations. This difference is believed to be partly due to the 
relative velocity of the steam and the water in the mixture. 
The mean density of any given circuit depends a great deal upon 
the relative heat absorption in different parts of that circuit. 
That of itself is a problem which requires considerably more 
data from field tests, because there are a great many diverse 
conditions in different types of units, different types of firing, 
and different ash and slag conditions. 

The author has introduced an expression ‘‘dryness fraction’ 
which will be new to many engineers. It is in reality “‘per cent 
of steam by weight” or the reciprocal of one often used, which is 
the “mixture-to-steam ratio.” Another term “pounds of water 
per pound of steam”’ is often used. Still another term “‘per cent 
of steam by volume” has much greater significance. It might 
be well for some consideration to be given to standardizing 
terms, so that we will all talk the same language. 

Units of the type described in the text, having both boiler and 
waterwalls supplied from a common source, must be designed so 
that the proper circulation will obtain in each circuit when all 
circuits are in equilibrium. This cannot be assured without 
solving all circuits simultaneously. 

In his conclusions, the author states that losses are reduced by 
increasing downcomer areas. The fact should also be men- 
tioned that, in some types of circuits, this can be brought about 
to better advantage by increasing the riser areas. 

The fourth paragraph of the conclusions seems somewhat 
confusing because the friction losses in the horizontal members 
are actually reduced when the total circulating flow is reduced 
by the lower height of the heat-absorbing circuits, although the 
resistance of the horizontal members may be unchanged. 


FRED Dornsroox.® In his conclusions the author indicates 
that circulation is adequate “until the top-dryness fraction 
approaches unity.’’ He probably does not wish to convey the 
impression that high-pressure high-capacity designs can employ, 
for instance, 99 per cent steam and 1 per cent water in the risers 
under peak conditions. 

It is submitted that, for the high reliability requirements of 
modern high-pressure high-capacity boiler units, circulation 
requires more involved study than simply a calculation of 
average circulation velocities and dryness factors. Perhaps 
the author will tell more of his experience in regard to limiting 
velocities, dryness fractions, and heat-transfer rates. 


M. H. Kuuner.* The author’s treatment of the theory of 
available force to produce natural circulation for higher-pressure 
steam-generating units is a valuable addition to boiler-design 
information. Such analyses are necessary to prevent the 
operating difficulties of higher-pressure installations, resulting 
from insufficient circulation, as reported for some installations 
placed in service during the last few years.? 

The author may wish to amplify his conclusions by mentioning 
that entrance and discharge losses of tubes connected to boiler 
drums and waterwall headers are difficult to determine. These 
losses depend largely upon the density of the fluid and direction 
of flow in reference to eritrance and discharge openings and the 


° Chief Engineer of Power Plants, Wisconsin Electric Power 
Company, Milwaukee, Wis. Mem. A.S.M.E. 

® Chief Mechanical Engineer, Riley Stoker Corporation, Worcester, 
Mass. Mem. A.S.M.E. 

7 “Attack on Steel in High-Capacity Boilers as a Result of Over- 
heating Due to Steam Blanketing,”’ by E. P. Partridge and R. F. 
Hall, Trans. A.S.M.E., vol. 61, 1939, pp. 597-621. 
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possible turbulence existing in drums and headers. From the 
standpoint of practical design, it may be suggested that water- 
wall headers be made large in internal areas and that the water 
supply to bottom headers and the offtakes from the upper headers 
be liberal in area and uniformly distributed over the length of 
these headers. This for the purpose of obtaining minimum dis- 
turbance of flow in the vicinity of entrance and discharge of the 
steaming tubes. 

In applying the author’s theories to practice, it should further 
be pointed out that the distribution of heat to individual groups 
of steaming tubes, such as the group of side waterwall tubes or 
rear waterwall tubes, is not uniform for each single tube. Those 
tubes placed closest to the source of heat, such as the tubes in 
the middle of the side waterwalls or those directly opposite the 
burners in the rear wall of the furnace, may contain a steam- 
water mixture of considerably lower mean density than other 
tubes of the same group placed in the corners of the furnace, or 
which may be otherwise shielded from direct radiation. The 
mean top-dryness fraction of the individual group of tubes may 
show to be safe while at the same time the top-dryness fraction 
in a few of the tubes may be unity, so that these tubes are over- 
heating. The same problem applies to the steaming tubes of 
the boiler. It is known that those tubes placed over the center 
of the furnace are subjected to higher radiation and gas tem- 
peratures than the tubes near the side walls. 

It would be interesting to apply the author’s theoretical 
investigation of circulation to one or more of the installations 
discussed in E. P. Partridge and R. F. Hall’s paper.” 

The further conclusion, drawn from the author’s paper and 
applied to practice, shows the importance of proportioning the 
flow areas in circulatory systems of waterwalls and boilers of 
higher-pressure installations as liberally as practical and with a 
minimum of obstructions or changes in cross-sectional areas, 
so that the losses of flow in tubes, headers, and drums be kept 
at a minimum. 

Another important factor influencing the available force pro- 
ducing natural circulation is the density of the fluid in the down- 
comer tubes. The buoyancy of steam formed in downcomers 
tends to oppose downflow of water. Therefore, downtake tubes 
must not be exposed to high gas temperatures. 

It would appear, that, if a given boiler unit should be operated 
at various pressures, a particular dryness fraction would be 
realized for each particular pressure. A definition by the author 
of the force governing this relation would be interesting. 


E. F. Ler.’ If the heat absorption in parallel circuits is not 
equal for each circuit, the possibility exists that the flow rate 
through certain tubes varies widely from the flow through the 
others; under certain conditions, the flow can reverse and a 
riser may operate as a downcomer. This is due to the circum- 
stance that various flow rates may result in the same pressure 
difference. This condition is referred to as instability. In the 
following, two methods are outlined to examine whether, for a 
given case, the same pressure difference which is maintained by 
the flow rate through the bulk of the tubes may also correspond 
to other flow rates.2 Uniform heat input over the entire tube 
length is assumed. 


Forcrep-F Low TuseEs 


This system has no recirculation and no economizer. The 
tubes are very long. Therefore, pressure losses other than due 
to friction can be neglected. The direction of flow is assured, 
but the rate may be undetermined. The feedwater enters 


8 Combustion Engineering Company, Inc., New York, N. Y. 
®» “Unstabilitat der Stromung bei natiirlichem und Zwangsumlauf,”’ 
by M. Ledinegg, Die Warme, 1938, pp. 891-898. 
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cold, is heated to saturation temperature in the lower section 
of the tube, and is completely evaporated in the upper section. 
The relative length of both sections depends upon the specific 
flow, i.e., the flow rate divided by the heat input. Since the 
friction loss is less in the section containing the liquid than in 
the section containing the steam-water mixture, it is possible 
that the pressure loss decreases while the saturation point moves 
upward due to an increasing flow rate. The relation between 
flow and friction is obtained as follows: 

The force of friction is assumed proportional to the kinetic 
energy of the flowing fluid and to the area of friction between 
fluid and tube, hence 


2 
ar = fx" x 2nkal 


where f = friction factor, p = density of fluid, w = flow velocity, 
D 
R= oy a tube radius, 1 = tube length. 


Then, the pressure due to this force is obtained by division 
by the cross area 


1 
— and introducing the 
gp 


Substituting the specific volume v = 


flow rate 


G = rh? eS lb per sec 
v 


Equation [1] can be written 


From this equation the pressure drop can be calculated for both 
tube sections. Over the entire tube length L the heat Q is sup- 
plied in unit time. If the heat necessary to bring the water to 
saturation temperature is H Btu per lb, then the length of the 
lower tube section L’ is 
GH 
ib S ib == 
Q 
The specific volume of the fluid nearly equals the volume of 
saturated water v’. Then, the pressure drop in the lower section 
is 


The volume of the steam-water mixture in the upper tube section 
is 
vy = sv" — 


. 


where v” = specific volume of saturated steam. 

For uniform heat absorption, the ratio of the dryness x at the 
point J to the dryness 2 at the end equals the ratio of the per- 
taining lengths of the upper tube section 


All heat, added in the upper section, serves to supply the heat of 
evaporation r. Then, the total amount of steam generated is 
given by 
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From Equations [5] and [6], the local dryness fraction is ob- 
tained as 


and the local volume of the steam-water mixture from Equation 
{4] is 
Q 1—L 
v= — 
Gr =L 


(0% =p!) eo cee ss o [8] 


If this value is substituted into Equation [2], integration of this 
equation between the limits L’ and ZL then gives the pressure 
drop in the upper section as 


flu'@? GH \| vo” —v'fQ H 
(2G) +5] » 


2gn7h?> 
and the pressure drop through the entire tube is 


AP” = 


ey, , _ fla’ 
INE SNP! So WEY SS Qgn2R* 
: [se (2) ‘ @ :) er BG 
r Q r Q + rQ Ay 


where B = 


From this relation the pressure drop, for constant values H, 
can be represented by curves of the type shown in Fig. 7 of this 


OP 


Fic. 7 Curves REPRESENTING PressuRE Drop FoR CONSTANT 
VaLues or H 


discussion. For small values H, there is a monotonous rise of 
pressure drop with the flow rate. At a certain higher value H, 
the curve shows a horizontal point of inflection, which indicates 
the transition from the stable region to the unstable region. 
For still higher values H, the curve has a maximum and a mini- 
mum; between these, the pressure drop decreases while the 
flow increases. In this region, three different values of the flow 
rate result in the same pressure drop; any one of these flow rates 
may exist in such a tube, when the pressure drop is given by the 
operating conditions of the other tubes. The location of the 
maximum, minimum, and point of inflection depends only on 


: (Ib per Btu). The value H, above 


which the region of instability begins, is that for which the first 


the specific-flow rate, 


and second derivatives of Equation [10] are zero. It is found 
by differentiation that 
Hy ae rn roe ar een 
B B 
while the pertaining value of the specific flow is 
iteg.enE B 
oan ae UU Rie ee 4: 
Q 6 if r 


Further improvement may be applied to these calculations by 
assigning to the friction factor (which is here assumed as con- 
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stant) a certain function of the Reynolds number and thus 
handling f as dependent upon G also.!° 

It must be determined whether the range of instability can 
be reached under usual operating conditions. Since complete 
evaporation of the water was assumed, the flow rate which 
satisfies the instability condition must not be higher than the 
amount of water which can be evaporated by the heat quantity 
Q, namely 


Q ~ Ej + r 
G : 
The curves for Q from Hquations [12] and [18] are plotted in 


Fig. 8 of this discussion, against the saturation pressure. It 


iz 
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Fie. 9 Instasrnity 1x Foronp-Crrcutarion Tuses av 1350 Pst 
follows from the diagram that only for pressures higher than 
2120 psi the range of beginning instability is reached. In the 
lower part of Fig. 8 are plotted the entrance temperatures of the 
water belonging to the values H, as calculated from Equation 
[11] for the same pressures. It is shown that, for those pressures 
where the range of instability could be reached, the entrance 
temperatures are below 120 F, a condition which is quite unlikely 
to be encountered. Since, for still higher values H the maxi- 
mum of the AP curves moves to smaller values G, there is still 
a possibility that the range of instability may be reached. This 


0 “Stabilitit der Strémungsverteilung in Heizflachen mit Zwangs- 
durchlauf,” by A. Kleinhans, Archiv, fiir Wdrmewirtschaft, 1939, pp. 
135-1388. 
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check is made in Fig. 9 of this discussion for 1350 psi pressure. 


The specific flow =~, when AP has a maximum, has been cal- 


culated for various values H by differentiation of Equation [10] 
and plotted against the corresponding entrance temperatures, 
together with the curve of the amount of water which can be 
evaporated according to Equation [13]. It follows from Fig. 9 
that, only for entrance temperatures below 170 F, the range of 
instability can be reached at this pressure. It has thus been 
shown to be quite unlikely in forced-flow tubes that the range 
of instability may be reached under normal operating conditions. 


Narvurat-CircuLation TuseEs 


The problem has a different aspect in a natural-circulation 
system. Only a fraction of the circulating water is being evapo- 
rated. The entering water has been heated in an economizer 
to a temperature approaching saturation. Therefore, the satu- 
ration point can be assumed to be at the tube entrance, and a 
steam-water mixture of varying dryness fills the entire tube. 
The direction of the flow is not assured and reversion of flow 
may occur, but only one value of the flow rate is possible as 
long as the fluid flows upward. The pressure difference between 
the lower and upper header consists now of the static head, the 
entrance loss, the acceleration loss, and the friction loss. We 
consider a circuit through a system of waterwall (vertical) tubes. 
For upward flow, the three losses-diminish the pressure with the 
height; they act in the same direction as the static head, and 
the pressure drop due to the losses must be added to that due to 
the head. For downward flow, the losses act in the opposite 
direction to that of the static head, and the pressure drop due 
to them must be subtracted from that due to the head. The 
pressure difference due to the static head is 


L 
d 

ar. ff a ee eee te ck Sis [14] 
(ne 


where v has to be substituted from Equation [4]. In this case 
(L’ = 0) the ratio of the local dryness to the top dryness is 


ry 16, 


Then the dryness at the length 1 is 
OW] 
t= —- 
Gr L 
If this value is substituted into Equation [14], integration gives 
the static head as 


GLr BQ 
AP, = —— 1 ] a di mest hs ene eer E 
BQu ( tl = yee 
The entrance loss is 
v'G? 
[VPA : a RL 
29n?R4 [17] 


The acceleration loss is 


or with the use of Equation [15] 
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The friction loss is obtained from Equation [9] if we take H = 0 


_ flu'G? ( BQ 
Nie aie (@ oe 2) ee, ae ee [19] 


The total pressure difference is 


AP = AP, + (AP, + AP, + AP,) 


where the plus sign is for riser tubes and the minus sign for down- 
comer tubes. From Equations [16], [17], [18], and [19] follows 
the total pressure difference 


_ IG BQ in Care War 
Se Roy (: ui ») i sell +14) G 


6 $s 
DOWNCOMER RISER 
Mass Fiow “Ysee 


Fie. 10 Insrasitiry CONDITION FOR WATERWALL TUBES 


(» = 1350 psi; ve = 1.) 


This relation between pressure difference, flow rate G, and heat 
absorption Q is shown in Fig. 10 of this discussion for the following 
example: 

The pressure is 1350 psi, tube length 50 ft, tube diameter 3 
in., friction factor f = 0.005. The steadily rising curves on the 
right-hand side refer to riser tubes, while the curves on the left- 
hand side which all go through a maximum refer to downcomer 
tubes. To each heating rate belongs one curve, consisting of 
two branches. When the mass flow in a riser is large enough, 
such that a horizontal line traced through the pertaining pressure 
difference does not intersect with the corresponding branch for 
the downcomer, then the flow is stable. There will be one flow 
rate at each heating rate, where the horizontal line through the 
pressure difference just touches the curve branch for the down- 
comer. This flow rate then represents the limit between the 
stable and unstable region for the given heating rate. For lower 
mass-flow rates, the horizontal line will intersect twice with the 
corresponding branch for downward directed flow; each of the 
three flow conditions may then exist in the tube, and the flow is 
unstable. Therefore, waterwalls must be laid out for such flow 
rates as assure stability of flow at the desired heat-absorption 
rate. 
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AUTHOR’s CLOSURE 


Mr. Bailey is right in stating that the assumptions made in 
this paper should be correct. It would be better to state that all 
assumptions should be as nearly correct as it is possible to make 
them under the known conditions. It should also be understood 
that such assumptions cannot and need not be exact. 

The desirability of actual tests to confirm circulation calcula- 
tions cannot be questioned. In the absence of such tests, the 
operating records of a large number of similar high-pressure boil- 
ers may serve as a substitute. 

The criterion of adequate circulation is the complete protection 
of the tubes. Just what is necessary to obtain such complete 
protection is not positively known. Each case is a problem in it- 
self. In general, the degree of protection is dependent upon the 
percentage of water by volume, the velocity of the mixture, the 
inside diameter of the tube, and the position of the tube, i.e., 
whether it is vertical or at some angle from the vertical. 

The mean-density determinations must start with the total 
heat input to the circuit and also the distribution of this input 
along the tube. If heat inputs are as assumed in Figs. 1 and 4 
of the paper, the densities will be as calculated for these condi- 
tions, unless the steam moves faster than the water, in which case 
the mean density will, of course, be higher than calculated. How- 
ever, for tubes of 2'/, in. inside diam and less, it is believed that 
there is little difference between the steam and water velocities, 
except for a relatively short distance from the bottom end of the 
tube. 

If the arithmetic-mean density is used in calculating head and 
the same top-dryness fractions are used, in the assumed case the 
front and side walls will be in equilibrium at top-dryness fractions 
of 0.17 and 0.18, corresponding to approximately 75 per cent 
steam by volume. 

Designers recognize the fact that absorption in different parts 
of a circuit, or in different parallel circuits, will vary due to con- 
ditions of firing, burner location, slag accumulation, ete. Here, 
the designer must rely on judgment based on his experience. 

The term ‘‘dryness fraction” was used by Lewis and Robertson 
in the paper? referred to in the author’s paper. The term seems 
to be fully explanatory and certainly less clumsy than “per cent 
of steam by weight.” The reciprocal of top dryness, that is, the 
weight of water entering the circuit, divided by the weight of 
steam generated is the circulation ratio, which the author be- 
lieves is also fully explanatory. The term “‘dryness fraction” can 
be used for any amount of steam by weight at any part of the cir- 
cuit for which this information is desired or known, while the top- 
dryness fraction is the percentage of steam by weight at the 
point where the heat input ceases. 

If different circuits are nearly identical, they may be solved 
simultaneously, otherwise they are solved separately and after- 
ward corrected for any deficiency. In the paper, for example, the 
side wall and front wall are in equilibrium at different top-dryness 
fractions. Although not necessary, these circuits can be brought 
into equilibrium with the same top-dryness fraction by decreasing 
the resistance in the side-wall circuit. 

Losses may be decreased by increasing either riser or down- 
comer areas as Mr. Bailey suggests. In the assumed boiler, there 
are as many risers as can be conveniently used, therefore, the best 
method for reducing the side-wall losses is by decreasing the 
downcomer area. 

There might readily be some confusion in following the con- 
clusion that decreasing the height of the furnace progressively de- 
creases the circulation. However, if the total heat input remains 
the same, the available head will decrease and the top-dryness 
fraction will increase. With the increase in dryness, resistance 
will also decrease, but not as rapidly as the loss in head. 

Mr. Dornbrook has brought up a point which is well worth 
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discussion. It is the author’s opinion that the safe ‘dryness 
fraction” at the top of a steam-generating tube depends upon a 
number of conditions, e.g., tube diameter, velocity, position of 
tube, whether horizontal or inclined, pressure, and heat input at 
the top end of the tube. It is believed that at any pressure a 
mixture of 75 to 80 per cent steam by volume will provide ample 
protection to tubes at the top end, provided the velocity of the 
mixture is sufficient to cause turbulent flow. 

It is hoped that, as experience with large high-pressure units 
becomes more extensive, data on limiting velocities, dryness frac- 
tion, and transfer rates will become available. 

With reference to Mr. Kuhner’s comments on entrance and 
discharge losses in headers, these losses, expressed in head of fluid 
flowing, may be assumed as correct, provided the flow of fluid is 
across the header and not lengthwise. If the flow through the 
header is axial, naturally, headers should be of ample cross sec- 
tion to insure low axial velocity. In the paper, entrance losses 
were figured at twice the maximum theoretical figure of 4/: 
V2/2g to compensate for possible turbulence losses in headers. 

If top-dryness fractions are figured for the maximum heat 
input, tubes having less than maximum heat absorption will have 
a lower top-dryness fraction. If, however, adjacent tubes ab- 
sorb heat in greatly differing amounts, circulation may become 
unstable unless each tube connects directly with the drum with- 
out the interpositioning of an intermediate header. 

The influence of heated downcomer tubes in a boiler bank is 
pointed out in the paper and, in such units as described, the 
lowered density due to the small amount of heat absorbed in 
the downcomer bank is not sufficient to impair the circulation. A 
downcomer bank, following a large furnace and a high-tempera- 
ture superheater, absorbs but a small fraction of the total ab- 
sorbed by the boiler and furnace. 

As to the effect of change in pressure on the top-dryness frac- 
tion, it is obvious that, due to the increase in specific volume of 
steam, the calculated velocity of the mixture will increase at 
lower pressure for the same top dryness. The increased resistance 
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will then increase the top-dryness fraction. Whether this de- 
crease in percentage of water will necessitate a lowered rating will 
depend upon the liberality of design. For the relation between 
top-dryness fraction and relative volumes of steam and water 
refer to a previous paper?! by the author. 

As to Mr. Kuhner’s suggestion that this method be applied to 
a study of the circulation of the boilers described in the paper’ 
by Messrs. Hall and Partridge, it is the author’s opinion that 
circuits such as shown in Fig. 3 of that paper cannot be analyzed 
by any known method. 

In circuits such as that given in Fig. 14, showing the furnace at 
Rivesville, and Fig. 27, the Logan Station, also from that paper, 
analysis discloses entirely adequate circulation for the protection 
of the upper ends of the circuits. In such tubes, the velocity of 
the water entering is low, probably between 11/2 and 3!/2 fps. 
At these velocities steam will segregate along the top of the tube 
and will remain so segregated until the velocity becomes high 
enough to cause turbulent flow. Such steam segregation or 
blanketing is the cause of the corrosion encountered in these in- 
stallations. 

Mr. Leib calls attention to the study of stability conditions 
of flow. He has improved the method developed in Germany 
by eliminating some simplifications and introducing the correct 
terms instead. It certainly is desirable to enable the designer to 
check flow conditions in a given tube system by means of an exact 
method. It must, however, be borne in mind that the method 
devised requires the knowledge of the amount of heat absorbed by 
the individual tubes in a parallel circuit. In general, this amount 
of heat can only be estimated. Therefore, the success of the 
method hinges entirely upon the accuracy of this estimation. As 
the knowledge of temperature distribution in furnaces progresses, 
this accuracy will undoubtedly improve, and, at the present state 
of our knowledge, a check of the stability of circulation in all 
cases where there is any doubt of stability is very desirable. 


11 “Design of High Capacity Boilers,’ by J. Van Brunt, Trans. 
A.S.M.E., vol. 60, 1938, Fig. 10, p. 488. 


Recent Developments of the Pease- 


Anthony Gas Scrubber 


By R. V. KLEINSCHMIDT! anv A. W. ANTHONY, JR.,2 CAMBRIDGE, MASS. 


This paper brings up to date recent developments in an 
improved cyclonic-spray scrubber. Theory of design is 
discussed briefly, but more attention is devoted to actual 
installations and their performances, troubles, and pos- 
sibilities. A table of test data is given covering units from 
200 to 50,000 cfm. Scrubbing of boiler flue gases for fly- 
ash removal is covered with particular emphasis on pos- 
sibilities for improved efficiencies and lower costs; possible 
benefits and economies through recovery and sale of SO; 
are indicated. Two installations for treatment of tar 
fog are described. Application to the cleaning and cool- 
ing of blast-furnace gas is reported in a preliminary way. 
A modification, retaining the principles of fine atomiza- 
tion but with the gas and liquid in countercurrent con- 
tact, is described, and compared favorably with bubble- 
cap columns and packed towers. Miscellaneous special 
applications are listed briefly. 


T IS four years since M. D. Engle (3)’ reported to the A.S.M.E. 
on the first full plant installation of Pease-Anthony cyclonic- 
spray scrubbers. Since that time, development has pro- 

ceeded actively so that, although these scrubbers are still in 
regular operation, they must, in the light of present standards of 
efficiency and economy, be regarded as obsolete. It would not 
be difficult to modernize this installation, for the physical 
changes involved are minor, involving only nozzles and baffling, 
as will appear later. 


THEORY OF SCRUBBING 


The cyclonic-spray scrubber consists of a cylindrical chamber 
with a tangential gas inlet of suitable cross section near one end 
and a central gas exit at the other end, Fig. 1. A suitable spray of 
finely atomized particles of the scrubbing fluid is formed near the 
axis of the cylinder in the region directly above the inlet. Rota- 
tion of the gas in the chamber, due to the tangential entrance of 
the gas at a controlled velocity, causes the spray particles to 
travel outward through the gas to the walls of the chamber. 
The radial motion of the water particles across the gas stream 
causes them to collide with the dust particles and carry them to 
the walls from which they are washed down and discharged from 
the scrubber. 

At the time these flue-gas scrubbers were designed, we had only 
hazy notions of the theoretical basis of design. The patent‘ in- 
dicated the neeessity for using finely atomized spray, but it was 
believed that this was mainly because of the larger frontal area 


1 Physicist, Arthur D. Little, Inc., Consulting Engineer, Pease- 
Anthony Equipment Company. Mem. A.S.M.E. 

2 President, Pease-Anthony Equipment Company. 

3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

4“Method of Washing Gases,’’ by F. F. Pease, U. 8S. Patent No. 
1,992,762, Feb. 26, 1935. 

Contributed by the Process Industries Division, and presented 
at the Annual Meeting, New York, N. Y., December 2-6, 1940, of 
Tue AMBRICAN SocreTy OF MECHANICAL ENGINEERS. 

Norn: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


and better distribution of water particles. This view did not 
account for the rapid decrease in scrubbing efficiency, which is 
noted in the case of fine dusts, fumes, and smoke in all spray 
types of gas washers. Various reasons have been assigned for 
this phenomenon, among which may be mentioned inability to 
wet the dust particles, adsorbed gas layers, electric charges, and 
surface coating of the water droplets by the large number of fine 
dust particles which each water drop must remove. In most 
cases these appear to be decidedly minor effects, the major 
effect being simply derived by considering the aerodynamics of 
the collision of two particles surrounded by a gas. If the two 
particles are of comparable size the gas has little effect on the 
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collision but, if the particle which is in motion relative to the gas 
is large, it will be surrounded by a streamline pattern in the gas 
which will carry small air-borne particles around it without col- 
lision, Fig. 2. This effect has been demonstrated by H. G. 
Houghton (1)4 in his work on sampling fog droplets in the air. 
Houghton has found that the sampling efficiency of a flat plate 
held in an air stream falls off rapidly for fog particles of a diameter 
smaller than about 0.001 of the width of the exposed plate. In 
the case of water particles hitting gas-borne dust particles, the 
effective diameter ratio is of the order of 200 to 1. This permits 
a direct quantitative computation of the effectiveness of any type 
of spray on any dust, fog, or fume of known particle size. 

As to the type of spray, we have obtained with Houghton’s 
cooperation considerable information on the numbers and sizes 


TABLE 1 SIZE DISTRIBUTION OF WATER DROPLETS FROM 
CENTRIFUGAL NOZZLE, 0.188 IN. AT 65 PSI, 60 F¢ 


1 2 3 4 5 6 
Area 
Diameter | Number | Number per cc. of 
of drop! | of drops | per cc. of %. of spray % of 
microns |measured spray? volume sq.cm. area 
25 878 97,250 0.072 19 1.48 
50 460 51,000 334 4.0 Ses 
100 190 21,000 PS 6 6 Ses 
150 89 9.850 L175 6.9 Sma 
200 53 5,870 2.46 7.4 5.78 
250 33 3,650 3.00 7,2 5.61 
300 22 2,440 3.46 6.9 5.3 
350 16 1,770 3.97 6.8 5.30 
400 13 1,440 4.83 Ua? 5.61 
450 11 1,220 5.84 7.8 6.09 
500 10 1,107 U2) 8.7 6.79 
550 8 886 7.74 8.4 6.55 
600 7 776 8.79 8.8 6.87 
650 6 664 9.59 8.8 6.87 
700 5 554 9.68 &.5 6.64 
750 4 443 9.84 7.8 6.08 
$00 3 332 8.94 6.7 yu rae4 
850 2 221 “oils 5.0 3.90 
900 1 110 4.22 2.8 2.18 
950 0 0 0 0 0 
1200 0 0 0 0 0 
1,811 200,583 100.00 128.2 100.00 


* Courtesy of American Institute of Chemical Engineers. 
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of spray particles formed by certain types and sizes of nozzles at 
various pressures, Table 1 (table for one nozzle). As to the sizes 
and properties of dusts, a great deal has been written in a general 
way, but it is difficult to obtain adequate data for design purposes 
on most of the finer dusts and fumes, Tables 2 and 3. In fact, 
in the case of extremely fine fumes and fogs, it may be simpler to 
determine particle sizes from operation of a pilot plant than to 
measure them directly, especially in the case of liquids or tarry 
fogs which agglomerate readily. Once the characteristics of 
the dust are known, it is a simple matter to apply the collision 
theory to determine the diameter and height of scrubber cham- 
ber, the number and size of nozzles, pressure of water, and 
pressure drop of gas. Several of these factors may be selected 
to meet the particular conditions, the others being then deter- 
mined by the design theory. The details of this design method 
have been given by Kleinschmidt (2), but a résumé will be given 
here. 

The collision theory assumes that dust removal is due solely 
to mechanical collision of moving water droplets with dust 
particles which happen to be in their path. It is also assumed, 
as previously explained, that only water particles less than 200 
times the diameter of the dust particles are effective. It is as- 
sumed that the effective length of path of the water particles 
through the gas is the radius of the scrubber. These assumptions 
lead to conservative estimates of scrubbing efficiency in most 
cases. Taking into account the fact that the probability of hitting 
a dust particle becomes less as the concentration of dust in the 
gases decreases, we obtain as an expression for the efficiency of 
scrubbing: 

Efficiency = 1 — e@DW/4d@) 


where D = diameter of scrubber, in. 
d = diameter of water particles, in. 
W = effective volume of water sprayed, cfm 
G = volume of gas scrubbed, cfm 


Values computed from this equation are given in Table 4. 
Since the fineness of atomization which will be effective de- 
pends upon the size of the dust particles, it is necessary, in ap- 


TABLE 2 SIZES AND PROPERTIES OF DUST PARTICLES AND FUMES?@ 
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plying this formula, to work out the efficiency of removal for each 
size range of the dust to be caught. The height of the scrubber 
and the inlet velocity required are computed from the centrifugal 
force necessary to drive the finest spray particles across the gas 
stream while the gas is within the scrubber. 

It is interesting to note that entrainment of spray particles in 
the exit gases may occur at low gas loadings, since the centrifugal 
force decreases as the square of the gas inlet velocity while the 
axial velocity decreases only in proportion to the inlet velocity. 
Also, the gases rotate more or less in the manner of a solid 
cylinder, so that the centrifugal force at the axis is zero. Two 
recent improvements now incorporated in scrubber designs take 
care of these conditions. For low gas loadings, a swinging dam-~ 
per in the inlet permits control of that area with variation of gas 
flow, so as to maintain the gas inlet velocity at a suitable value. 
The height of the scrubber can be materially decreased by putting 
a circular plate baffle just above the spray manifold to act as a 
core buster to force all gas and spray away from the axis out into 
regions of higher centrifugal forces. See Fig. 1. 


Pitot PLANTS 


It has already been noted that pilot plants are frequently de- 
sirable when handling new types of dusts or unusual conditions. 
Several recent installations have been made for this purpose, and 
it is important, in considering the results obtained, to bear in 
mind their nature and significance. 

The purpose of a pilot plant is primarily to obtain certain 
specific engineering information, which cannot be obtained in 
the laboratory, for use in design of a larger plant. It is not in- 
tended to demonstrate the efficiency either of a unit of its own 
size or of a larger unit. In fact, it is important that it should not 
be designed for high efficiency since, if overdesigned, it becomes 
more difficult to obtain useful data. For this reason efficiencies 
of 50 to 80 per cent are better than higher ones. Another fact to 
be remembered is that, for a given efficiency, the ratio of spray to 
gas scrubbed is, inversely, as the diameter of the scrubber, so that 
a pilot-plant scrubber of 3 ft diam would require 5 times as much 
water per 1000 cu ft of gas as would a 15-ft unit of the same effi- 
ciency. At the same time, since the gas must accelerate the 
spray droplets introduced, excessive amounts of water reduce 
the rotation of the gas unduly and necessitate high pressure drop 
in the pilot-plant unit. For these reasons and others of similar 
nature, it is not possible to demonstrate either the efficiency or 
the economy of a large installation in a pilot plant. It is possible, 
however, to obtain data from which efficiency and economy may 
be computed with considerable accuracy. 


ENGINEERING PROBLEMS 


The scrubber shell proper presents no serious problems. It 
may be made of steel and lined with acidproof tile if corrosive 
conditions are severe, or it may be a self-supporting bonded-tile 
structure. Large-size glazed sewer pipe has been suggested for 
small scrubber shells, Fig. 3. In any case, corrosion and erosion 
must be carefully considered. Gas flows of from 1000 to 60,000 
cfm (60 F basis) are easily handled in single shells, at axial 
velocities of 100 to 500 fpm. 

Nozzles present the most serious problems in materials. For 
fine atomization, large numbers of relatively small nozzles are 
required, and high pressures are desirable. Available materials 
and cost limit the pressures used to approximately 200 psi even 
with clean water; and waters containing silt or recirculated dust 
limit the pressure to around 60 psi. Even at these pressures, 
mechanical strength, and corrosion and erosion resistance limit 
the available materials. Some of the so-called “lava” materials 
have been useful in resisting acid corrosion; they are cheap, 
abrasion-resistant and resistant to most acids, but must be pro- 
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tected from mechanical and hydraulic shock. Brass is good only 
for clean water at low pressures. Hard rubber has been used 
to resist dilute fluorine compounds at low pressure. A new 
type of nozzle now under development gives promise of eliminat- 
ing most of the erosion troubles experienced with spin-chamber 
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pressure nozzles. Every problem, however, requires a special 
study of the nozzle, and pilot-plant experience will often be 
valuable, until a vast background of experience has been ac- 
cumulated. 


AUXILIARY EQUIPMENT 


Handling Solids. Most scrubbing jobs require not only getting 
the solids into the liquid, but also getting them out of the liquid, 
either for recovery of the solids or for recirculation of the 
liquid. The solids may have value, or may be a costly nuisance. 
Local conditions usually dictate which of the numerous methods 
available should be selected. Fly ash from boilers has been settled 
out in Callow-type inverted cones, and the thickened underflow 
run to ash tanks for further settling. Tar from a certain tar fog 
formed a sticky mass which would not flow; as there was plenty 
of fresh water available, the effluent water drops its tar in an 
outdoor sump which is cleaned by a clam-shell-bucket crane 
several times a year, and the water then goes to waste. Soluble, 
valuable chemicals can be concentrated by recirculation in many 
cases, with a bleed-off going to processes already in operation. 
When hot gases containing chemicals are to be cleaned, the 
scrubber may be tied in with a spray drier, as shown in Fig. 4, 
the scrubber recovering dust from the drying operation while 
acting as a concentrator of the dilute solution. 

Pumps. Centrifugal pumps with rubber-lined casings and 
rubber-coated impellers have given satisfactory service for 60 
psi 115 F, weakly acid water carrying a small amount of fly ash 
in suspension. Numerous alloys were tried, without success. 
The cost and corrosion problems in high-pressure pumps limit 
the use of high nozzle pressures for corrosive conditions. 

Piping. Rubber-lined pipe, with different degrees of hardness, 
has been useful. Tile pipe is frequently cheaper but must be sup- 
ported. Lead pipe or lead-lined steel pipe and monel pipe have 
been used for certain severe conditions. 

Although much of the development work on auxiliary equip- 
ment has been related to corrosion resistance, this problem is no 
more severe than with other types of wet scrubbers. The 
simplicity of the cyclonic-spray scrubber facilitates the attain- 
ment of resistance to corrosion and has therefore directed our 
attention to problems which no other equipment could handle. 


CoMMERCIAL DEVELOPMENTS—F LUE GASES 


Flue-gas scrubbing is one of the most promising fields for this 
equipment, but widespread application has been held up pending 
full development of SO, recovery and sale, as a logical attack on 
the corrosion problem. 

The only major installation of cyclonic scrubbers has been 
described by Engle (3). Two boilers were equipped in 1930, and 
an additional boiler was equipped in 1931. Engle covered the 
subject comprehensively, so only three points of universal interest 
will be considered here: efficiency, capital costs, and operating 
costs. 

1 Efficiencies (on weight basis) of the installation were re- 
ported by Engle, and substantially confirmed by one of the 
authors. Little has been done since 1932, to improve efficiencies; 
in fact, owing to lack of fundamental knowledge, many things 
have been done tending in the opposite direction. In any event, 
by the use of more nozzles, better suited to the requirements, high 
efficiencies for these scrubbers can be maintained and yet keep 
within present costs of power for draft losses and for pumping. 

Two scrubbers per boiler were installed in 1930, each rated at 
72,500 cfm at 515 F. At the time of the Engle tests, these units 
had about 90 centrifugal-type nozzles of 0.1875 in. orifice, operat- 
ing at about 55 psi, and showed full-load efficiencies of 80 to 82 
per cent. Disregarding requirements for saturation of the gases, 
180 efficient nozzles of 0.063-in. orifice, at the same pressure, 


TRANSACTIONS OF THE A.S.M.E. 


MAY, 1941 


would pass about 25 per cent of the amount of water, but the 
efficiency would rise to about 88 per cent. If 270 similar nozzles 
were used, with 37.5 per cent of the water, the efficiency would be 
about 93 per cent. 

An improved type of nozzle will be ready for service in the near 
future, which will yield the same quantity of fine atomization with 
few of the coarse ineffective droplets, so that about 50 per cent 
of the gallonage of water need be pumped. Of course, to scrub 
with fine atomization, the gases must first be saturated but, 
assuming saturation of the gas, the following efficiencies can be 
realized commercially: 


Removal 
——Nozzles—— Gpm, efficiency, 
Size, in. No. per cent per cent 
0.1875 90 100 80 to 82 
0.063 180 25 87 to 88 
0.063 270 38 92 to 93 
0.063 New type 19 93 to 95 
0.063 New type 38 96 to 98 


Power requirements for pumping would decrease proportion- 
ately. While the foregoing figures may seem to be overopti- 
mistic, similar methods in design indicated 98 per cent efficiencies 
on the scrubbing of blast-furnace gas, with realization of better 
than 99 per cent, as will be shown. 

If entrainment in the scrubbed gases be eliminated by the 
addition of disks and swinging inlet dampers, less hot air need 
be added before the induced-draft fans, and a small increase in 
efficiency of the station can be realized. The swinging inlet 
dampers should be adjusted to maintain substantially constant 
inlet velocities at all gas loads and temperatures; draft loss 
will be the same at all loads, involving slight increases in fan power 
only at the lower loads. 

2 Regarding the item of first cost, several years ago, when 
a prominent manufacturer was licensed to make and sell the 
scrubber, complete installations were quoted at prices which 
worked out at 25 cents to 35 cents per rated cfm (hot) for boilers 
of 100,000 lb per hr and larger. Corrosion was to be met by 
use of nonmetallic materials in contact with the gases and 
solutions. 

If, however, corrosion can be eliminated so that plain, unpro- 
tected steel can be used, the cost of the scrubber, pump, piping, 
and nozzles can be cut at least 50 per cent. Apparently, the best 
chemical method is the use of an alkaline washing solution; how- 
ever, the scrubber is such an excellent gas-liquid contactor that 
the alkaline solution will soon become acid, unless continuously 
replenished or regenerated to maintain the alkalinity. In Eng- 
land, lime or chalk slurries are continuously replenished, with a 
minimum of corrosion, but a considerable mass of fly ash and 
gypsum must be disposed of at considerable expense. H. F. 
Johnstone at the University of Illinois has studied extensively 
the regeneration of alkaline solutions and very recently he has re- 
ported important conclusions (4). Although he reports the ab- 
sence of corrosion in his pilot plant, nevertheless he recommends 
some protection of steel surfaces, but not to the extent described 
by Engle. Acidproof units installed now for solids removal will, 
of course, be able to absorb SO, simultaneously, if and when the 
public convenience and necessity require. 

3 Maintenance of the scrubber proper has been low, but in 
the case of the protective coatings of the induced-draft fan and 
uptakes, it has been high because no entirely satisfactory coating 
has yet been developed. On the other hand, erosion of induced- 
draft-fan rotors has been negligible; life expectancies of rotors 
under normal acid conditions are now certainly 10 years, and 
possibly equal to those of forced-draft-fan rotors. Future costs 
should be lower, because of advances in the art of synthetic resin- 
ous coatings, which are now available having substantially zero 
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moisture absorption; these are needed for the interiors of the 
induced-draft-fan casings, the uptakes and breechings. Hereto- 
fore, all the coatings tried have absorbed moisture and transmitted 
it to the metal beneath, with resultant corrosion, so that the 
coatings have required annual replacement. Such coatings 
probably will not be needed when alkaline scrubbing solutions 
are used; the indications are that plain steel can then be used 
without protection, or with a coating which normally should last 
for several years. 

Entrainment at low gas loadings has increased the corrosion 
troubles in the past. Entrainment is unnecessary, and can be 
completely eliminated, as previously pointed out. 


MIscELLANEOUS—FLUE GASES 


Disposal of Fly Ash. Building blocks utilizing considerable fly 
ash are reported from Detroit (5). The cement industry reports 
beneficial results from the admixture of certain percentages of 
fly ash (6). The mixed-fertilizer industry uses it as a diluent 
in some cases (5). Its disposal after removal from the flue gas 
is still a problem, although the firing of pulverized coal in wet- 
bottom furnaces apparently retains more of the ash, and pro- 
portionately less goes up the stacks. 

Mist Plume. Since the gases at the top of the stack contain 
considerable water vapor, during cold weather this becomes 
visible as a white plume or cloud, having a good deal of the ap- 
pearance of steam although not quite as dense. The action of this 
plume has been studied under all weather conditions, and in 
general it behaves as would any other body of heated gas. It 
rises when all stack gases rise, and it strings out horizontally or 
even downward when wind conditions compel. In cool weather, 
as the gas emerges from a large stack, only the water vapor in the 
outer shell of gas, in immediate contact with the cool atmosphere, 
condenses, but turbulence and diffusion soon cause further con- 
densation in the interior of the plume. A little later, evaporation 
of the fog droplets on a large scale sets in, and soon the white 
plume is gone. On days of high humidity, as would be expected, 
the plume is more persistent, and it has been observed stringing 
out as far as 1/2 mile. 

Acid Rain. Fears have been expressed that an acid rain would 
fall on those beneath. We have been at some pains to find 
evidences of acid attack chargeable to the scrubber, but have 
found none. Qualified chemical engineers, who have studied this 
question of acid effects from the effluent scrubbed gases, have con- 
cluded that the over-all results are beneficial as to SO;:, which 
is largely scrubbed out by the wash water and ultimately run to 
waste, and with but slight effect as to SO2, some of which prob- 
ably is absorbed by the fog droplets as formed at the top of the 
stack, but is soon liberated when the fog evaporates. 


SuLpHur DioxipE RECOVERY 


Some of the benefits of SO: recovery as a by-product have al- 
ready been suggested. When flue gases are thoroughly scrubbed, 
the SO, present is a problem from either the standpoint of cor- 
rosion or of disposal of the recoverable by-product. However, 
if the gases are dry-cleaned, there is no problem at least to the 
boiler-plant operator, since the SO: is turned loose to the prevail- 
ing winds. Papers have been published to prove that SO, harms 
neither plants nor human beings, but nothing has yet appeared 
showing beneficial effects on life, or on steel, concrete, paint, etc. 
In short, SO, is on the defensive, and is generally considered as 
a nuisance which must be tolerated for the present, at least, in 
this country. 

The ideal solution of the combustion problem would be to at- 
tain stack discharges containing neither solids nor acid gases, 
but consisting only of nitrogen and oxygen, with CO, and water 
vapor. Probably this ideal is not possible of achievement, but 


90 to 95 per cent elimination is not only possible, but may be 
accomplished at no great increase in over-all cost, if and when due 
credit is allowed for the advantages, which include: 


(a) Credit for sale of SOs. 

(6) Virtually complete elimination of need for maintenance 
of protection against corrosion. 

(c) Minimum boiler outage chargeable to maintenance of 
scrubbers. 

(d) Smaller induced-draft fans and less power to drive them, 
because gases are handled at lower temperatures. 

(e) No erosion of induced-draft-fan wheels. 

(f) Improved public relations, if the public is advised of the 
new methods being installed. 


There are of course disadvantages: 


(a) The price for SO. is not fixed and definite, and it will 
fluctuate with supply and demand, but it probably will not de- 
part far from the price of the contained sulphur. The quantities 
available may be enormous, relative to present supplies. New 
outlets must be developed, and fortunately at least one is in 
sight, i.e., the new plastics containing nearly 50 per cent sulphur 
dioxide (4). 

(6) Power-plant operators must know more chemistry. 

(c) Duplication where solids eliminators are already in- 
stalled. 

(d) Fixed charges on increased plant. 


If public interest is justified in requiring substantial elimination 
of cinders and fly ash from power-plant stacks, there is even more 
justification for requiring the elimination of SO2, because prob- 
ably the complete job can be done ultimately at small increase 
in annual cost of effective solids removal. If, however, SO: re- 
covery is expected to show a profit after meeting annual costs 
not only on its own operations but also on those for solids removal 
as well, then the outlook for general acceptance is not favorable. 


Tar-Foa SCRUBBING 


Fig. 5 shows a commercial cyclonic scrubber 8 ft diam X 20 ft 
high operating to remove tar fog from 28,000 cfm of the vent 
gases from ovens in which a pitch binder is decomposed. The 
resulting tar forms a viscous mass which adheres to the surfaces 
of ducts and fans, and which had caused serious trouble by clog- 
ging all other types of cleaning equipment, both wet and dry. 
This scrubber has been functioning satisfactorily for more than 
a year. Tar-fog droplets, as collected on a glass slide, are all 
below 10 mu and 89 per cent below 2mu. Tests on this scrubber 
confirm the design theory as to effect of increasing water pressure. 
At 40 psi water pressure, the efficiency was 65 per cent and this 
was increased to 80 per cent by raising the pressure to 110 psi. 
This performance is entirely satisfactory to the users in that 
maintenance on the fan has been practically eliminated whereas, 
previously, the fan could not be kept in balance for more than 
a few days at a time. The water from this installation is not re- 
circulated but is run to waste. 

An important but secondary function of this scrubber is its 
action as a flame stop. The gases laden with tar fog are normally 
at moderately high temperatures, but occasionally fire breaks out 
in the tar deposited in the ducts, with possible damage to the 
induced-draft fan. The scrubber functioned as expected through 
one such fire, although all paint was blistered from the inlet duct. 

The scrubber shell of this installation is of unprotected steel 
and its life has been rather short; it has been patched up and is 
still in operation but is scheduled to be replaced in the near 
future. Lava nozzles of smaller size are now being used but re- 
ports on efficiency with these nozzles have not been received. 

Fig. 6 shows a pilot-plant scrubber installed to treat a tar fog 
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Gas ConrTaINnING 


ScrRuBBER Hanpuina 28,000 Crm or 
Tar Foe 


Fie. 5 


from a sintering operation, the individual tar droplets rang- 
ing from 2 mu down to below 0.25 mu, the limit of resolvability 
by an ordinary microscope. From theoretical considerations, there 
is strong evidence that size of these tar droplets goes down to 
0.1 mu and below. Efficiencies reported by this unit are lower 
than anticipated, chiefly because of the small size of the individual 
tar droplets. The most intensive scrubbing which has been pro- 
vided, namely, 12 to 15 gal per 1000 cu ft through 335 nozzles 
(Fig. 7) of 0.037 in. diam at pressures as high as 320 psi made 
little effect on the appearance of the effluent cloud of tar fog, 
even though 50 to 75 per cent by weight of the material had 
been removed. Calculations in the light of the collision theory 
indicate that the individual tar droplets are present in over- 
whelming numbers. Of the 15 trillion tar-fog droplets in each 
cubic foot of dirty gas, about 3000 droplets were removed by 
each of the three billion water droplets formed by the nozzles 
per cubic foot of the gas. Doubling of this already intensive 
scrubbing should raise the efficiency to 85 or 90 per cent, which 
might begin to be perceptible to the naked eye. 


Brast-FuRNACE Gas 


The conditioning of blast-furnace gas has been considered one 
of the most difficult of gas-cleaning operations. Outlining the 
problem, approximately 25 per cent of the heat value of the coke 
charged into the top of a blast furnace comes out with the gases 
from the top as CO, in about 25 per cent concentration, or 90 to 
105 Btu per cu ft. The heat quantities are enormous, and the gas 
is used in stoves for preheating the blast air, in large gas engines 
for blowing and power generation, for miscellaneous heating pur- 


Fie. 6 Gernerat View or Tar-Foa Scrusper Wira PrRessuRrs- 
Reeain Type or Ouruer 


poses; any residuum is burned under boilers for steam production. 
The requirements for cleanliness vary widely. Frequently raw 
gas is burned under boilers; however, Harmon (7) has recently 
pointed out the savings to be made by cleaning to 0.05 grain per 
cu ft. Gas for stoves should be cleaned to 0.02 grain per cu ft, 
and for engines to 0.015 grain per cu ft and better (8). De- 
humidification also is necessary to obtain higher combustion 
temperatures and to minimize condensation and freezing in the 
gas mains in the winter. 

To provide this cleaning and cooling, most blast furnaces are 
now equipped with three mechanisms handling the dirty gas in 
series, as follows: 


1 Dry dust catchers, i.e., large dry cyclones, removing the 
brickbats and coarse dust. 

2 Primary washers, of which there are numerous types, most 
of them operating to clean the gas down to 0.25 grain per cu ft. 
Large quantities of water are used in order to cool and de- 
humidify the gas while cleaning, 20 to 30 gal or more per 1000 
cu ft of gas, to absorb the heat content of the dirty gas. 

3 Secondary cleaners, which include rotary disintegrators 
and electrostatic precipitators. Preliminary data indicate that 
the cyclonic scrubber will perform simultaneously the duties of 
mechanisms Nos. 2 and 3 in one unit, with low power costs both 
for draft loss and for pumping, as well as much lower capital 
costs. 

The operator of a number of blast furnaces, learning of the per- 
formance of this type scrubber for fly-ash removal from boiler 
flue gases with small quantities of water, recognized its possibili- 
ties for his purposes where much larger water quantities were 
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were obtained and these showed efficiencies (weight basis) of 99.5 
per cent. During normal operation, when dirty gas loadings run 2.5 
to 3 grains per cu ft, the clean gas contained 0.012 grain per cu ft. 
During a period of severe slipping in the furnace, when dust load- 
ings run 15 to 25 grains per cu ft, the clean-gas test showed 
0.068 grain per cu ft. In addition, the operators considered the 
gas to be exceedingly dry, and were pleased with the degree of 
cooling obtained, in spite of the fact that only 17 gal of water per 
1000 cu ft were used. The pressure for production of pig iron has 
rendered impossible the making of desired changes in the gas 
piping. This development has also been delayed with the 
problem of nozzle materials capable of withstanding erosion from 
the gritty water; the new nozzle referred to previously is on test, 
and gives promise of being satisfactory. 


CHEMICAL APPLICATIONS 


For solids, recovery primarily the scrubber has interesting 
possibilities in connection with the recovery of soda fume, along 
with considerable quantities of SO2 and SOs, from the discharge 
of the furnaces in which is burned the black liquor from paper 
mills cooking kraft, or sulphate pulp. The soda represents a 
recoverable value of considerable proportions. The particles, 
however, are very fine and not readily recovered. Pilot-plant 
tests indicate that the fume is almost entirely below 2 mu with 
a majority of the material in the neighborhood of 0.2 mu. These 
tests also indicate that the material can be caught in a carefully 
designed scrubber. The solution should be recirculated to pro- 
vide a high concentration of soda in the effiuent liquor, so that it 


can be economically treated for the recovery of the soda. The 
TABLE 3 CHARACTERISTICS OF FINE DUSTS 
(Dusts assumed to be spheres of density = 2) 
Diameter, Settling rate, No. particles per 
mu fpm grain (millions) 
20 4.8 15.6 
10 1.2 125 
5 0.30 1,000 
2 0.048 15,600 
1 0.012 125,000 
Fie. 7 Crosn-Up or Spray Manirotp SHow1nc Some or THE 335 eee ie ieee ben 
Nozzies Witx Oririce 0.037 In. 01 0.00007 125,000,000 
required. A full-scale preliminary tryout was arranged, involv- ee 
ing the conversion of an existing primary washer (one of three in SSE Lene OF Taio ATS eles 2 
parallel) to the cyclonic type by changing the gas inlet from radial Number of times 
to tangential, and by installing an axial spray manifold of more gas volume is Efficiency of dust 
aon 6 swept by spray removal per cent 
than 500 brass nozzles. The gas piping, designed to handle one 10 63.2 
third of the gas from the furnace, was not changed as it was ao as 
expected that this piping could handle all the gas during the short 3.0 95.0 
periods of test. Unfortunately, the draft loss through the over- on 99 34 
loaded gas piping was so high that it was not possible to obtain Sas etl 
the complete test data originally planned for. Two test points 8.0 99.97 
TABLE 5 GAS-SCRUBBER TESTS 
Rated 
Capaoc- _ 
ity Spray 
o.f.m. Dimensions Draft . Construction Materials 
Sat- Conditions a. He Loss Eff. per Nozzle Orifice Press. Recir- Corrosive Oo ozzles 
urated Gas and Dust Br-/o.t. Size ft. ~ in H20 z Mocf. No. Dia. psi. culate Conditions or e Waterial Life 
200 Chemical fume 17.0 0.5-3.5 1.0 6.0 9. 94 10 24 .037 60-360 Yes Alkaline Steel ? Brass Hours 
" Tar fog 2.-3. 0.1-2.0 * ” ” 91 10-30" " 75-360 No S02, HF " ? " " 
750 Laboratory unit Miscellaneous 1.5 §.0 1.5-2.3 = 3-12 max. 36 .046 40-600 No - x Indef, » = 
2,000 Soap dust Var. large 3.0 6.0 1.0 99+ 1-5 rotary - Yes No J * Indef. 
2,000 Chemical fume 2.25  0.2-2.0 3.0 30.0 4.0 65 6 48 .046 400 No 30g, eto. " " Monel ? 
5,000 Ter fog 2.0-3.0 0.1-2.0 4.0 12.0 5,0-12.0 50-75 5-15 335 037 100-320 Yes/No SOj, HF Lead lined " Monel/Brass Days 
15,000 Soap dust Var. large 7.0 12.0 2.5 99+ 0.25-1.5 rotary - Yes No Steel " Brasa Indef. 
25,000 Tar fog -016-.027 0.1-2.0 6.0 20.0 3.0 65-80 2,8-4.6 164 .096 45-118 No S0z, HF . 8 mo. " 6 mo. 
45,000 Boiler fly ash .25-2.5 2.0-5.0 10.3 20.0 0.8-1.5 82-95 2-3 60 .168 50-55 Yes  S0p, eto. Acid brick 10 yrs, Lava 2 yrs. 
t \ 
50,000 nest Wena 2.50 = 12.0 60.0 9.0 99+ 17 534 140 75-80 No No Steel Indef. Lava Indef. 
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Fig. 8 VARIATION OF CYCLONIC-SPRAY-SCRUBBER PRINCIPLE, GIVING 
CoUNTERCURRENT Contact BETWEEN Gas AnD Liquip 


solution is strongly acid due to SO2 and SO; in the gases, and the 
serubber materials should be similar to those used in flue-gas 
scrubbing. Such an application offers an attractive economic 
picture as well as reduction of atmospheric pollution, both by 
solids and by “‘paper-mill odor.” 

The cross-current scrubber is able to provide such intimate 
gas-liquid contact that it is being considered for many chemical 
applications, among them gas absorption, removal of dilute acid 
gases from industrial process gases, elimination of odor nui- 
sances from sewage and garbage-treatment plants, recovery of 
solvents, recovery of natural gasoline, vacuum fractionation of 
lubricating oils and of synthetic liquids of high molecular weights. 
It may be used as an evaporator or concentrator, as with a spray 
drier, Fig. 4. 

Data on the efficiency of this scrubber for the absorption of 
soluble gases, i.e., SO» from flue gases, obtained in a large-scale 
installation, have been reported by Johnstone and Kleinschmidt 
(9). In this case 96 to 99 per cent of the SO: in the gases was 
absorbed in the scrubber under conditions which gave approxi- 
mately 85 to 90 per cent dust removal. Thus the absorption 
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efficiency is much higher than the efficiency of dust removal. 
This accords with theoretical predictions, since diffusion of the gas 
molecules increases the effective range of action of liquid particles. 


CoUNTERCURRENT ARRANGEMENT 


Fig. 8 shows an important variation of the cyclonic-spray- 
scrubber principle, which yields true countercurrent contact 
between gas and liquid, with several obvious advantages. The 
scrubber shell is disk-shaped, large in diameter in relation to 
its height. The gas enters the full height of the periphery by 
means of a narrow slot, and pursues an inward spiral path, leav- 
ing axially at the center. The spray droplets are introduced 
substantially along the axis, and are taken up by the spinning gas 
body and pursue spiral paths across to the periphery. This 
arrangement has been tried out in a laboratory size 12 in, diam 
< 3 in. high, which passed 60 to 95 cfm and yielded contact 
equivalent to from 2 to 4 effective plates. This type of unit 
would be effective in absorption of ammonia in water, of H2S in 
weak alkaline solution from which it is to be recovered by 
heating, of benzol vapors in wash oil, and numerous similar ap- 
plications. 

It is expected that, as more experience is gained, it will be 
possible for many applications to exceed with these units the 
performance of bubble-cap columns and packed towers with much 
lower space, weight, and costs. 


CONCLUSIONS 


The cyclonic-spray scrubber described has several advantages 
of importance; it is simple and versatile, has low draft loss, and 
has nothing to clog except spray nozzles. Efficiency is readily 
adjustable by change of pressure on the atomizing nozzles, and 
it can be very high for solids down to about 0.5 mu in size. 
Entrainment can be reduced to substantially zero, of importance 
in many chemical processes. This scrubber is especially effec- 
tive for the economical cleaning of large volumes of gases, such 
as blast-furnace and boiler-flue gases. It can act as an absorber 
or gas-liquid contactor with simultaneous removal of dusts, as 
for instance SO, and fly ash from boiler flue gases. 
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Discussion 


H. F. Jonnstone.' The authors’ reference to the stack-gas in- 
vestigation being conducted at the University of Illinois warrants 
discussion of two points mentioned in the paper (a) the economics 
of sulphur-dioxide removal and, (b) the application of cyclone- 
spray scrubbers as gas absorbers. 

On several occasions, the writer has published statements re- 
garding the cost of removing sulphur dioxide from dilute waste 
gases. The most recent of these was the result of a detailed 
study of what appears, at least from the chemical and mechanical 
standpoint, to be the best method of accomplishing this purpose.® 
Viewed from any position, it is recognized that the application of 
any process of sulphur-dioxide removal to large quantities of stack 
gases requires a large and costly installation. The item of 
greatest uncertainty and perhaps of greatest cost is the disposal 
of the recovered material, whether it be as a waste product or as 
a chemical raw material to which some value can be attached. 
In any case, much more information is required before it can be 
stated that simultaneous dust removal and sulphur-dioxide re- 
covery is feasible and that definite savings can be made in the 
cost of the scrubber installation by removing the corrosive condi- 
tions encountered in the circulation of the acid solution. 

The paper refers also to the tests made by Dr. Kleinschmidt and 
the writer on the absorption efficiency of a large dust-recovery 
unit in which an alkaline solution was circulated for the purpose 
of the tests. The high efficiency obtained in this case, compared 
with the known low absorption efficiencies of simple spray scrub- 
bers, can be explained easily on theoretical grounds, For certain 
purposes, therefore, especially when saturation of the solvent is 
not desired, the wet cyclone would seem to fulfill the needs of 
many chemical-engineering absorption problems. Here again, 
it is unfortunte that more information is not available from other 
installations. It is particularly desirable to know the effect of 
the dimensions of the scrubber, of the location and size of the en- 
trance duct, and of the number and type of nozzles on the ab- 
sorption efficiency. Knowledge of the nature of the flow in the 
vortex and especially the tendency for the droplets to coalesce 
would be valuable. While the authors did not mention the lat- 
ter point, it is obvious that it must be of great importance in dust 
removal also, Simple calculations will show that, unless the 
spray from the nozzles is quite uniform, the probability of coales- 


5 Professor of Chemical Engineering, University of Illinois, Urbana, 
Il. 
6 “Recovery of Sulfur Dioxide From Waste Gases,’ by H. F. 
Johnstone and A. D. Singh, University of Illinois, Engineering Ex- 
periment Station, Bulletin No. 324, 1940. Abstract, Industrial and 
Engineering Chemistry, vol. 32, 1940, pp. 1037-1049. 


cence of the small drops with larger drops is extremely great at 
radii above 3 or 4 ft. Consequently, the statement in regard to 
the relative water requirements of scrubbers of different sizes 
appears to be subject to some limitation. 


AvutTHors’ CLosuRE 


Professor Johnstone has brought out several points which are 
of interest in connection with gas scrubbing but which the authors 
felt unable to treat adequately in the allotted time. As to the 
commercial recovery of sulphur dioxide, it seems that Dr. 
Johnstone’s position is one which arises from his academic point 
of view. It is unquestionably true that we do not at the present 
time know all that we would like to know about the economic and 
industrial problems confronting the recovery of sulphur dioxide. 
At the same time it is also probable that such complete knowledge 
never can be and never has been acquired with respect to any 
commercial process. It is felt that Dr. Johnstone’s publications 
on the subject indicate an adequate basis for a careful com- 
mercial. study of a large installation which, like all first installa- 
tions of radically new processes, must be regarded as experimental. 
The cost figures, which in Dr. Johnstone’s opinion do not appear 
too favorable, include such unknown factors as the percentage of 
solution lost in carry-over in the gases and other similar losses 
from the cycle. Such items can only be definitely determined in 
large-scale operation, and if they become important, as they ap- 
pear in Dr. Johnstone’s figures, they can usually be reduced by 
proper design or operating procedure. From the authors’ own 
experience, it is concluded that the loss of alkaline solution in the 
scrubbing step would be practically negligible. 

As to the factors affecting the efficiency of absorption, their 
experience has been that it is a very simple matter to obtain 
such high percentages of absorption with the present type of 
scrubber that it is not necessary to go to any elaborate determina- 
tion of the minimum required equipment except in special cases 
which might arise. Coalescence of the small drops into larger 
drops undoubtedly occurs to a certain extent since a spray 
which scrubs out small dust particles should also scrub out water 
droplets. Practically, coalescence appears to have little effect 
on the performance of scrubbers as is indicated by the fact that 
the actual performance follows rather closely the computed 
efficiencies. 

In view of the many uncertainties involved in applying both 
the theory and the experimental results previously obtained on 
other installations to new and different problems, it is believed 
that further development of the scrubber will be along the lines 
of engineering development and experience in numerous applica- 
tions, rather than in any extensive laboratory study of the well- 
known factors involved. 
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Relationship of Viscosity to Rate of Shear 


By L. J. BRADFORD! anv F. J. VILLFORTH, JR.,2 STATE COLLEGE, PA. 


This paper reports tests designed to check the validity of 
the assumption that lubricating oils belong to the class of 
a Newtonian fluid, which is defined as one in which the 
force required to shear it is directly proportional to the rate 
of shear. It is on this assumption, which in recent years 
has been questioned, that equations for the behavior of 
bearings have been based. Experimental evidence is 
produced in support of Petroff’s equation which states 
that the torque required to rotate a journal, concentric 
with its bearing, is directly proportional to the product 
of the absolute viscosity and the rate of shear of the fluid 
separating the journal and the bearing. The agreement of 
the results with those predicted by the Petroff equation 
upon the assumption of the independence of viscosity 
from the rate of shear holds for all of the oils investigated. 


NEWTONIAN fluid is defined as one in which the force re- 
A quired to shear it is directly proportional to the rate of 

shear. Lubricating oils are generally supposed to belong 
to this class of fluid, and the equations applying to the behavior of 
bearings are based on this assumption. 
_ Within the last few years the validity of this assumption has 
been questioned, and certain experimental evidence has been 
produced to show that the resistance to shear varies with the rate 
of shear. In other words, the viscosity of an oil is a function of 
the rate of shear as well as of temperature and pressure. The 
claim has been advanced that shearing of the laminas, which 
may be considered as forming the film separating two moving 
plates, causes the molecules making up the film to orient them- 
selves. This orientation is said to cause a reduction in the re- 
sistance to motion of each lamina with respect to its neighbor. 
This is another way of saying that molecular orientation caused 
by flow results in a decrease in the viscosity of the fluid. The 
claim is also made that the higher the rate of shear, the greater 
the resulting orientation and, consequently, the greater the de- 
crease in the viscosity of the fluid sheared. 

Since the entire treatment of bearings operating in the fluid- 
film region has been built up on the supposed independence of 
viscosity from the rate of shear, a modification of the hydrody- 
namic theory of lubrication would be necessary if such inde- 
pendence really does not exist. 


Apparatus UsEp 


Two pieces of apparatus were used in this work. The first 
consisted of a steel ring suspended within a rotating steel bowl by 
means of a flexible steel rod. A fixed clearance was maintained 
between the ring and the bowl. Oil was introduced into the 
bowl and thrown by centrifugal force into the clearance space 
through which it passed. The assembly of this piece of appara- 
tus is shown in Fig. 1. Details of the bowl and ring together 
with the more important dimensions are shown in Figs. 2 and 3. 
It will be seen that the mean diameter of the bowl was 5.2495 in. 
and that of the ring was 5.2429 in., giving a diametral clearance of 


1 Professor of Machine Design, The Pennsylvania State College. 

2 Research Assistant, The Pennsylvania State College. 

Contributed by the Special Research Committee on Lubrication 
and presented at the Annual Meeting, New York, N. Y., Dec. 2-6, 
1940, of Tap AmmrIcan Socinty or MECHANICAL ENGINEERS. 

Norg: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


0.0066 in. when the ring and the bowl were at the same tempera- 
ture. This clearance changed if the ring and bowl had different 
temperatures. It was also affected by the expansion of the bowl 
due to centrifugal force, and corrections for these changes had to 
be made to suit the conditions obtaining at the time of the ob- 
servations. 

The bowl was a loose fit on the driving spindle, which per- 
mitted it to center itself at running speeds. 

The rod suspending the ring was 0.125 in. in diam and 19.5 in. 
long. It possessed but slight lateral stiffness and was therefore 
able to center itself with respect to the bowl when the latter was 
running. The attachment at the upper end was constructed so 
as to permit the ring to be approximately centered in the bowl 
while the latter was at rest. Thus, only a small amount of 
bending of the suspension rod was required to obtain the neces- 
sary degree of centering. 

The temperature of the ring was determined by means of 
thermocouples placed in its wall, as shown in Fig. 2. 

The temperature of the bowl was more difficult to determine, 
and two methods were tried. In the first, a hole was drilled 
in the edge of the bowl, as shown at A in Fig. 3. This hole was 
filled with oil and plugged. The apparatus was operated at a 
desired speed until conditions became constant and then stopped. 
The plug was removed and a thermocouple junction was placed 
in the oil. Several readings were taken, and the times at which 
the observations were made were noted. A plot was then made 
of temperature against time, with the time the bowl stopped 
taken as zero. The temperature of the bowl at the instant it 
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position 2 
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4 5.2428 5.2429 


stopped was determined by extrapolating the curve to zero time. 

This method was not found to be practicable because only 10 
or 12 sec were required for the bowl to reach the temperature 
of the ring. This was usually too short a time to permit obtaining 
a sufficient number of readings to determine accurately the form 
of the time-temperature curve. 

In the second method, a thermocouple junction was pressed 
lightly against the bowl and the indicated temperature observed. 
Since the rubbing of the junction against the bowl produced 
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Fie. 6 ARRANGEMENT OF TAPERED-PLUG VISCOSIMETER 


A—Drive from drill press 
B—Oldham coupling 
C—Rotating plug 
D—Stationary ring 
E£—Oil cup 
F—Adjusting screw 


G—Stationary grip 

H—Torsion rod 

I—Upper steady bearing 

J—Lower steady bearing 
K—Drill-press table 

L—Pointer indicatinglangle of twist 


friction which resulted in temperature, precautions had to be 
taken to keep this low and uniform, and also to determine its 
amount. The thermocouples were mounted as shown in Fig. 4, 
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and were pressed against the bowl by means of a light flat spring. 
They were so arranged as to be out of contact with the bowl ex- 
cept when readings were desired. This was done to prevent 
wear on both bowl and junction. Just enough pressure was 
used to keep the junction in contact with the bowl at all times. 

In order to determine the amount of temperature rise due to 
friction the bowl was brought to room temperature. A run was 
made with the ring removed and the temperature indication at 
various speeds noted. A plot was then made of temperature 
against speed. Fig. 5 is typical of these plots. One of these 
calibration runs was made before each test run to determine 
the torque-speed relationship. The temperature rise due to 
friction, taken from this curve, was then subtracted from the 
temperature indicated by the thermocouple during the torque- 
speed run. The difference was taken to be the temperature 
of the outer surface of the bowl. 

A rough check was made to determine the drop in temperature 
between the inner and outer surfaces of the bowl. As this indi- 
cated a drop of only about 1 deg, no attempt was made to correct 
for it. 

Preliminary runs showed that severe lateral vibration of the 
rod suspending the ring occurred at each of several critical 
speeds. It was overcome by enclosing the rod in a pad of 
sponge rubber which damped out the vibrations but was suf- 
ficiently yielding to permit the ring to center itself without bend- 
ing the rod unduly. This damping pad is shown at A in Fig. 1. 

The second piece of apparatus consisted of the well-known 
tapered-plug viscosimeter, built from descriptions given by 
Albert Kingsbury.? Only slight departures were made from 
his specifications. The most important were (1) the introduction 
of an Oldham coupling in the drive in order to permit the plug to 
center itself with respect to the bearing, and (2) the introduction 
of a certain amount of freedom in the mounting of the bearing 
within the oil-container cup, in order to make possible the center- 
ing of the bearing over the suspension rod. Fig. 6 shows the 


3 ‘Heat Effects in Lubricating Film,’ by Albert Kingsbury, 
Mechanical Engineering, vol. 55, Nov., 1933, pp. 685-688. 
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arrangement. The dimensions of the plug and bearing are 
shown in Fig. 7. 

Two thermocouple wells were drilled into the bearing, as 
shown, as close to the bearing surface as possible. The thickness 
of metal separating the bearing surface from the thermocouple 
well was about 1/32 in. Two wells were similarly placed in the 
plug. These also are shown in Fig. 7. 


Trst PROCEDURE 


When using the rotating-bowl apparatus, the ring was first 
centered within the bowl while the latter was at rest. Oil, heated 
to about 180 F, was then supplied to the bowl by a gravity feed, 
and the bowl was brought up to the desired speed. The oil 
supply was then adjusted so as to be just sufficient to make good 
the quantity thrown out through the clearance space. The speed 
was held constant until the thermocouples indicated that con- 
stant temperature conditions had been reached. This required 
about 30 min. The angle of twist of the suspension rod and the 
temperature of each thermocouple were then read. 

When using the tapered-plug viscosimeter, the oil was placed 
in the cup holding the bearing and raised to a level slightly above 
the top of the plug, care being taken to see that the clearance 
space between the plug and the bearing contained no air. The 
supporting micrometer screw at the bottom of the cup was then 
adjusted to give the clearance at which it was desired to operate. 
The plug was then rotated at constant speed until constant torque 
and temperature conditions were reached. The angle of twist 
of the suspension rod and the temperatures of the thermocouples 
in the bearing were observed, after which the plug was stopped 
and the temperatures of the thermocouples in it were noted. 

The mean temperature of the oil film was taken as the mean 
between the temperatures of the ring and the bowl in the case 
of the first apparatus and the mean between those of the bear- 
ing and plug in the case of the tapered-plug viscosimeter. 

The tapered-plug apparatus was used for rates of shear between 
1330 and 239,000 reciprocal sec. The ring-and-bowl apparatus 
was used for rates of shear between 50,000 and 320,000 reciprocal 
sec. 

Five kinds of oil were used. These are listed together with 
their viscosities in Table 1. It will be noted that this list in- 
cludes mineral oils from several geographical fields and also one 
vegetable oil, namely, olive oil. 


VISCOSITIES OF OILS USED 


Absolute viscosity 
——centipoises—— 


TABLE 1 


Oil 130 F 210 F 
Pavone LOW cere eis os coven esis Sypris = ste 14.8 4.15 
(Oi en gon cen een 20.4 7.05 
Quaker State 10 W. 15.2 4.33 
GanOCOMLOUW ins selene cis © a Seite eters nts) eee 10.6 3.13 
Texaco 10. Wisc. -ssccee cence ae eee nets 1H 4.14 


Resvuts or TEests 


Petroff’s equation states that the torque required to rotate a 
journal which is concentric with its bearing is directly propor- 
tional to the product of the absolute viscosity and the rate of 
shear of the fluid separating the journal and bearing. The plot of 
torque against rate of shear should, therefore, be a stright line 
passing through the origin, if the viscosity is constant. Other- 
wise, it will be a curve of some sort, depending upon the manner 
in which the viscosity varies. This relationship was used as a 
convenient means of detecting any variation in viscosity which 
might be caused by variations in the rate of shear. 

The values of torque, observed on each of the machines de- 
scribed, were corrected for temperature and original viscosity 
differences to one arbitrarily chosen value. The resulting values 
were then plotted against the corresponding values of the rate of 
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shear. Any variation in viscosity, other than that due to tem- 
perature, would cause a departure of these points from the line 
representing Petrofi’s equation. Fig. 10 shows the results ob- 
tained. There is no consistent deviation from the Petroff line 
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at any rate of shear throughout the range investigated. Further- 
more, there is no departure of any single observation to an extent 
greater than can be attributed to experimental errors normally 
present in work of this kind. This is true of the observations 
made with both machines, and the results obtained from each 
are in complete accord in the portion of the field covered jointly. 
The agreement of the results with those predicted by the Petroff 
equation, upon the assumption of the independence of viscosity 
from the rate of shear, holds for all of the oils investigated. 

From these results it would appear that, if there is a change in 
viscosity due to molecular orientation, it occurs in a portion of the 
field not investigated by the authors. The most likely portion 
is the region of very low rates of shear and close proximity of the 
boundary surfaces. This portion should command our next 
attention. 


Discussion 


M. D. Hersny.* Can the authors supply information as to 
the clearances used with the tapered plug, and the range of film 
viscosities or film temperatures covered in their investigation? 

A distinction may be made between Newton’s law and Pe- 
troff’s in that the former requires only proportionality, while the 
latter involves the calculation of a constant in terms of clearance 
and length. Should we consider that both laws have been veri- 
fied and, if so, within what estimated limits of accuracy? 

Kingsbury’s investigation’ indicated an approximately para- 
bolic distribution of temperature over the cross section of the 
film. The temperature drop from the middle of the film to either 
metal surface in the ring and bowl may be calculated® on the as— 
sumption of radial conduction under steady-state conditions. 
For a viscosity of 4.5 ep (Table 1 of the paper) and conductivity 
0.016 lb per sec deg F at 210 F, this temperature difference ap- 
proximates 5.6 F at the maximum rate of shear, 320,000 recip- 
rocal sec. Are such effects negligible within the limits of accuracy 
of the present work? 


Auruors’ CLosuRE 


The tests reported in the paper were undertaken to determine 
whether the viscosity of the oils investigated varied with the rate 
of shear. Petroff’s equation was made use of because it offered 
a ready means of detecting variations of viscosity with rate of 
shear. The authors accepted the statement, “Thus it appears 
for any given bearing, the friction torque is proportional to the 
viscosity of the lubricant and the speed,’”’ which appears on page 
26 of Mr. Hersey’s book ‘‘Theory of Lubrication.’’® Their claim 
is that the results secured support the conclusion that viscosity 
does not vary within the limits of the investigation. 

It is felt that since the exact thermal conductivity of the oils 
treated was not available, calculation of the effect of temperature 
gradient across the thickness of the film would not add to the 
accuracy of the results. 


* Research Director, Morgan Construction Company, Worcester, 
Mass. Fellow A.S.M.E. 

§ “Theory of Lubrication,’ by M. D. Hersey, John Wiley and Sons, 
Inc., New York, N. Y., 1936, pp. 116-117. 


Effect of Temperature on Coiled Steel 
Springs Under Various Loadings 


By F. P. ZIMMERLI,! DETROIT, MICH. 


This paper consists of a presentation of the results of 
tests conducted in the laboratories of the author’s com- 


_ pany on the effect of various stress-temperature combina- 


tions on steel springs. These results are in the form of 


, charts which, because of the immense number of tests in- 


volved, are believed to be accurate. For the carbon steels 
tested, it is shown that there is a temperature-stress equi- 


) librium point about 400 F. Below this point there is a defi- 


nite temperature-stress equilibrium. Above this point it 
is simply a time-temperature curve since, eventually, the 
springs will fail. The paper draws particular attention to 
the value of various strain-relief heatings after coiling. 

Tests on springs hardened and tempered after coiling, as 
compared with those made of pretempered wire, give no 
evidence that the former method is to be preferred. This 
is contrary to the general understanding in the industry. 

The paper shows that for each type of material there is 
an optimum Rockwell hardness for best heat resistance. 
Both S.A.E. 6150 and 9260 steels have greater resistance to 
load losses due to heating than carbon steels. They in 
turn are exceeded by 18-8 stainless and high-speed steels. 
A difference in time between 10 days and 3 days to reach 
true temperature-stress equilibrium exists between the 
various steels. 


VERY mechanical device, somewhere within itself or in its 

production, calls for the use of springs. During the last 

few years, in particular with the demand for greater operat- 
ing speeds, the temperatures at which these springs function have 
continually increased. Data regarding the temperature-stress 
relationship of springs have as yet no general publication, and ap- 
preciation among engineers of the results which may be attained 
has lagged. 

To remedy the condition, the laboratories of the author’s com- 
pany about 10 years ago commenced the task of testing all 
available spring materials in this respect. It soon became ap- 
parent that the amount of work involved would be immense and 
that too long a time would be required for completion of the origi- 
nal program. 

To the end of speeding up the work, the International Nickel 
Company agreed to investigate its products, such as monel, in- 
conel, Z nickel, and the like, in this regard. Preliminary tests on 
copper alloys, such as brass and bronze, proved that these ma- 
terials were useless above 225 F and they were eliminated, leaving 
the scope of the project to cover coiled steel springs. 

Before tests could be conducted for the purpose of obtaining 
the necessary design information, it was essential to know: (a) 
How long a time was necessary for a loaded spring to be held at a 


1 Chief Engineer, Barnes-Gibson-Raymond Division, Associated 
Spring Corporation. Mem. A.S.M.E. 

Contributed by the Special Research Committee on Mechanical 
Springs, and presented at the Annual Meeting, New York, N. Y., 
December 2-6, 1940, of THs AmmRiIcAN Society OF MrcHANICAL 
ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


temperature in order to reach equilibrium;? (0) the effect of the 
degree of flexibility in the spring; (c) whether a spring should be 
pressed solid before or after the heating operation which removes 
coiling strains; and (d) whether or not the process of wire manu- 
facture influenced the results to any great extent, i.e., would wire, 
built to the same specification by competing manufacturers, act 
the same? 


PRELIMINARY TESTS 


For these preliminary tests springs were coiled from pretem- 
pered material, ground, and heated to 800 F. They were then 
pressed solid with a load 100 lb in excess of their carrying capac- 
ity. The length, outside diameter, load, and wire size of each 
spring were noted. The springs in sets of 10 were placed over 
bolts which pushed steel collars against them and thus compressed 
the spring to predetermined lengths, checked with micrometers. 
The springs were then exposed to the desired temperature for 
different periods of time. They were then removed and checked 
again for load carried. The load testing was carefully performed, 
the springs being checked on the scales to within 0.001 in. in 
height, using a 0.001 gage, so that no error due to scale travel was 
possible. 

Stresses were calculated before and after heating, using the 


Wahl formula 
g 8PD {4c —1 wi 0.615 
~ xd? \4ce — 4 c 
where ¢ = D/d 
P = load, lb 
D = mean diameter, in. 
d = wire diameter, in. 


S= 


All stresses are those due to loads at room temperature and are 
not the stress on the wire at oven temperature. If it is desired, a 
correction could be made for this by obtaining the modulus at the 
various temperatures employed. This value was reported’ by 
W. P. Wood, G. D. Wilson, and the author in 1930. 

If G@ = modulus at room temperature, G; at oven temperature, 
S the stress at room temperature, then Si, stress under oven con- 
ditions, has the relation 


stress in outer fiber, psi 


See er a Se 
Ss Gh wena 
This can be proved from the formula of spring deflection 
_ SEDIN 
~ Gdé 


where N = number of coils, and the other symbols are as previ- 
ously stated. 
The springs were not corrected for bolt expansion because the 


2 By “equilibrium” is meant a stable condition such that further 
exposure to a given temperature will not cause any additional loss in 
load carried by the spring. 

3“The Effect of Temperature Upon the Torsional Modulus of 
Spring Materials,”’ by W. P. Wood, G. D. Wilson, and F. P. Zimmerli, 
Proceedings of the A.S.T.M., vol. 30, 1930, part 2, pp. 351-360. 
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wire in the spring actually expanded slightly to cover this error. 

Lots of ten springs were set at a given stress and temperature 
and run for successive periods until no further loss of load was 
noted. Then another combination of temperature and stress was 
similarly tested until the entire field of possibility had been 
covered. These results indicated that the usual spring steels 
should be divided into two major groups, i.e. (1) straight carbon 
steel, low-alloy steels, and (2) high-alloy steels. 

The first group consisted of S.A.E. 1065, X1065, 1080, 1095, 
6150, and 9260. The second group was composed of 18-8 stain- 
less steel and the usual 18-4 high-speed steel. Group 1 definitely 
reached equilibrium within 72 hr at heat, regardless of stress or 
temperature, provided the latter was less than 400 F. Tests up 
to 216 hr gave the same results as 72 hr, while 60 hr were extremely 
close, losses being but small fractions of 1 per cent of the total. 
Above 400 F, there was no time at which equilibrium was reached 
until the coils of the spring, when released, were still closed 
against each other. This is quite similar to the behavior of steel 
in tension at elevated temperatures, where it has been noted that, 
up to the equicohesive temperature, creep is observed for a defi- 
nite time. It is postulated that the metal becomes. strain- 
hardened at that time and resists further deformation. 

The two samples in the second group were tested in a similar 
manner and equilibrium was reached not in 72 hr but in 10 days. 
A curve is appended which gives results of 18-8 stainless steel 
subject to 250 F at 120,000 psi for a period up to 18 days. This 
material will not reach equilibrium if the temperature greatly ex- 
ceeds 550 F, but the set is slow so that for some uses it is satisfac- 
tory at slightly higher temperatures. High-speed steel is similar, 
except that higher temperatures are possible. The later discus- 
sion of commercial production tests will amplify these statements. 

The next point to be considered was the rate of deflection of the 
spring itself. To test this, twenty springs were made from 
the same bundle of music wire with the same outside diameter, in 
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the manner previously outlined. Ten had 5!/, coils and ten had 


10!/, coils. When stressed at 40,000 psi, the following result was 
obtained after 72 hr: 
10!/a:coils es sane Macncintne ee loss 2 percent 
bd! /ascolls eet ce eer loss 1.6 per cent 


A further test at 100,000 psi was made with the following 
results: 


101/4 coils 
51/4 coils 


loss 9.3 percent 
loss 10.4 per cent 


It was concluded that the degree of flexibility of the spring was 
not a factor governing loss of load due to temperature. 

Two hundred springs were divided into two lots of 100 each. 
These springs were made of oil-tempered wire. One lot was 
pressed solid before the bluing or strain-relieving draw of 750 F, 
and the other lot was pressed after the heating. The springs were 
subject to various stresses at temperatures up to 400 F. Results 
showed that springs pressed after heating were more uniform and 
slightly better. Therefore, this procedure was adopted as stand- 
ard. 

The final preliminary tests were conducted on springs made 
from wire manufactured by four different mills. Slight differ- 
ences were noted, the products of some mills showing a greater 
loss than others. However, in wires other than the hard-drawn 
quality this difference was not excessive. Hard-drawn wire 
varied greatly. Evidently, each manufacturer patents his wire 
differently (if at all). The results were so confused that it was 
decided not to run the production tests on this cheap type of 
material. 


PROCEDURE FOR PrRopucTION TxstTs 
The procedure in running the remaining tests, the results of 


which are shown in the accompanying curves, was as follows: A 
sufficient number of springs of each of the materials to be tested 


| 
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TABLE 1 CHEMICAL CO EOr ee OF MATERIALS USED IN 


Material Cc Mn ee Ss Cr Vv Ni 
0.148 Music wire. 0.91 0.31 0.018 0.022 noe ante 
0.148 MB....... 0.66 0.76 0.020 0.036 vas eer 
OU4S ORV: costes 0.52 0.75 0.007 0.020 0.87 0.18 
0.148 Swedish 
valve spring... 0.65 0.56 0.021 0.019 Paes eo 
0.148 KA-2...... ORE OAD aOR eter 18.2 9.21 
0.062 Music wire. 0.91 0.31 0.024 0.018 fen as one 
0.062 M B....... 0.59 0.75 0.020 0.025 Beri Ares ae 
@:062:Cr V Ssacen 0.50 0.73 0.009 0.018 Ovo 70.18 SOF 
0.062 KA-2...... (gt OS Sets is | aioe 19.2 Se 9.14 
0.148 High Mn 
(tempered).... 0.70 1.34 0.022 0.024 
0.148 Cr V 
(annealed).... 0.54 0.69 0.011 0.026 289) S20 DY, 
0.162 M B 
(annealed).... 0.62 0.73 0.018 0.055 
0.148 High Mn 
(annealed).... 0.70 1.34 0.022 0.024 
0.152 High-speed 
Stealer eee Oso 0.31 (tungsten 18.03) 3.83 1.10 
TABLE 2 ROCKWELL C HARDNESS OF MATERIALS USED IN 
TESTS AF LER HEATING TO 
Material 400 F 500 F 600 F 700 F 800 F 
0.148 Music wire. . easy PO 51 52 48 45.5 
O14 MBit nsccass, “40 46 47.5 45 42 
ASIC Via ite naps nite, te 47 46 46 45.5 44.5 
0.148 Swedish valve spring 43 43 43 42.5 43 
OSLARIKCA- Dien et ae 45.5 45 45 43.5 
0.105 Music wire.......-- 52.5 53 51 51 48 
0.062 Music wire.......-- 52 52 52.5 51 47.5 
OOS NEB ere eines eo 50 5 47 43 
OGGLECr We oe 49 49 49.5 49 46.5 
LOB DERKCAC Do Ee ee caine 45 45 45 46 45.5 
As 
received 700 F 750 F 800 F 
0.148 High Mn........... 46 46 45 44 
0.148 High Mn........... 44 44 43 


0.152 High-speed steel... . (See data sheet) 
were obtained, about 120,000 pieces in all being required. These 
springs were heated to the various strain-relieving temperatures, 
indicated on the charts, for 30 min at heat, in an L & N Homo 
furnace. Ten springs were used for each stress-temperature test 
and the average loss plotted on the curves. All tests, except on 
stainless steel and high-speed steel were run 72 hr at heat. These 
high-alloy steels were given 10 days to be sure an equilibrium con- 
dition was obtained. All springs were pressed solid after heating 
for stress-relief. This was done with a load 100 lb greater than 
that necessary to close the coils. It was hoped that this pro- 
cedure would aid in establishing uniformity of tests. 

The springs were tested on accurately checked scales using a 
0.001-in. gage, in order to obtain the desired load and height on 
each spring for a given stress. The springs were placed in a con- 
stant-temperature electric oven, being held on special bolts, with 
square seating collars, to the desired height and load. Upon 
removal from the oven, the springs were air-cooled and retested 
for load at room temperature to the nearest 0.001 in. and the 
results expressed as percentage loss of load corresponding to the 
given stress were plotted. 

In working with these various materials, the data given are to 
the highest possible commercial application of the product. 
Thus, some curves indicate temperatures only as high as 350 F. 
Tests at 400 F on these same steels demonstrated that the steels 
were erratic, hence, not of commercial importance. Therefore, 
no data sufficiently accurate for any design problems could be 
presented. At 450 F, these selfsame steels simply collapsed when 
given sufficient time. 

The effect of wire size in the limits tested is not great. 
are presented in the interests of economy on only two sizes, i.e., 
1/,,and 0.148 in. Data are not available on any size larger than 
3/,¢in. In general, the tendency is toward greater load loss with 
larger sizes at the same stress. The curves are as plotted from 
points taken at a minimum of four different stress figures. To 
reduce possible error, each of these points is the average value of 
ten springs. 

Even with all these precautions it will be noted that the data 


Curves 


give results which at some temperatures cause the curves of vari- 
ous bluing temperatures to cross each other. These points have 
been checked in some cases and the same result obtained. At 
present no good explanation has been developed for this experi- 
mental fact. 

The materials used in these tests are listed in Table 1 and the 
hardness figures in Table 2. 


CoNCLUSIONS 


In the author’s opinion, a study of the work done justifies the 
following conclusions: 

1 The usual spring steels are reliable when stressed 80,000 psi 
or less up to temperatures of 350 F. Between 350 F and 400 F 
and, at stresses up to 120,000 psi, the same continuity of results is 
lacking, but with proper forethought some commercial success 
might be expected. 

2 The use of ordinary spring steels over 400 F is not possible. 

3 Steels, hardened and tempered after coiling into springs, 
at the same hardness value, have no advantage over springs made 
of pretempered wire properly blued, under the conditions investi- 
gated. 

4 Stainless steel of the 18-8 type resists temperature and 
stress better than other spring steels, except perhaps high-speed 
steel. 

5 A middle hardness range in quenched-and-drawn springs is 
preferable to either high or low ranges. 

6 An optimum temperature to heat springs after coiling for 
heat resistance is the highest one which will not render the hard- 
ness or other physical properties of the material objectionable. 

7 The present Swedish valve-spring wire stands heat very 
poorly, in fact, is less satisfactory than many other steels. 

8 Both high-manganese and silicomanganese steels equal the 
chrome-vanadium steel tested and may have commercial ad- 
vantages. 
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It can be readily appreciated that this is the work of many 
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were made in addition to other testing work. 

It is to be hoped that other investigators will carry on the work 
into the field of larger wire sizes. The possibility of different 
heats and heat-treatments of high-speed steel and stainless steel 
should be completed. In particular, the investigation of the 
newer steels now in use and which we have not tested, such as the 
high-chromium series and chromium-molybdenum types, should 
be started if complete data are desirable. 


Discussion 


R. C. Zurprer.! As a user of great quantities of springs, 
the company with which the writer is connected has experienced 
its share of problems. In some small measure the experience 
gained during the last year and a half may contribute to the gen- 
eral knowledge of the subject. 

Our larger springs are used as clutch-pressure springs. While 
they are subject to high temperatures, and design limitations 
impose high stresses, they are under only static loads. Conse- 
quently, we are not interested in fatigue life but only in springs 
which show a minimum of load loss under hard clutch-operating 
conditions. For practical and economical reasons, all of our 


4 Assistant Engineering Manager, Long Manufacturing Division, 
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pressure springs are of S.A.H. 1065 oil-tempered or similar steels, 
covered by the author’s MB specification. The following discus- 
sion pertains to this class of steel. 

Our method of testing is similar to that used by the author, 
except that the springs are pressed twice to 300 lb, which is 
11/2 to 2 times the normal load of the springs, before final selection 
for load is made. This is done to offset variations in load caused 
by failure of the vendor to remove most of the set and by poor 
packing and rough handling in shipping. Thus, springs supplied 
by various vendors are all placed on an equal test basis. Any 
further set therefore is due to the heat alone. 

The data given in this discussion are for springs with stresses 
ranging from 75,000 to 106,000 psi, corrected according to Wahl 
formula and Rockwell hardness 43-46 C scale. Through a series 
of tests it was found that, after 15 hr in the oven at 350 F, the 
springs had lost approximately 90 per cent of the total load they 
would lose if allowed to remain in the oven until the equilibrium 
point was reached. This was found to be sufficient for all practi- 
cal purposes so that 15 hr has been adopted as our standard, 
since it permits a ready overnight check. Preliminary tests 
showed that these springs are not practical above 400 F, with 
the stress above 75,000 psi. Some springs tested showed 8 to 
10 times more loss between 400 and 500 F than between 300 and 
400 F, but only 1.5 times more between 300 and 400 F than be- 
tween 200 and 300 F. 

In ordinary clutch service, these springs probably would never 
reach a temperature of 400 F but, in order to check this point, 
a number of clutches returned from actual field service were 
examined. Some of these appeared to have had normal usage, 
while others evidently had been abused. Other clutches of 
known qualities were given severe road tests. From the average 
load losses of the springs, the probable temperatures reached 
were found to be in the 200 to 300 F range. Asa consequence, it 
was decided that, for an accelerated test, 350 F would be adopted 
asastandard. At this temperature, springs still react somewhat 
along theoretical lines. 

Together with numerous other tests, twenty-five different 
types of pressure springs, as received from various vendors, were 


TRANSACTIONS OF THE A.S.M.E. 


MAY, 1941 


all given a 20-min treatment at 750 to 775 F and then pressed 
twice under 300 lb. They were then carefully selected for load, 
clamped between test plates at their respective working heights, 
and placed in the oven at 350 F for 15 hr. 

Of the twenty-five springs tested, seventeen came within the 
stress range of 75,000 to 96,000 psi. The maximum load loss on 
the springs of this group was 5!/. per cent. The other eight 
springs, ranging from 96,000 to 106,000 psi, showed a gradual 
increase to 9.5 per cent. This does not mean that all of the 
springs fell exactly on a straight line between these points but 
that an approximate average was obtained. We found several 
unexplainable discrepancies, such as the author mentioned in his 
paper. 

As the result of the foregoing tests, the design drawings for 
these springs now call for a maximum allowable load loss due to 
heat. Routine checks are made daily on six springs from each 
production shipment. These are placed in the oven the day they 
are received and allowed to remain for 15 hr overnight, thus 
making them available for production the following day if they 
are satisfactory. 

While we feel that only a beginning has been made from our 
findings up to the present time, we believe that an ordinary 
grade of oil-tempered wire, in a spring of reasonable design, given 
the proper manufacturing attention, will provide a clutch spring 
which will be satisfactory for all practical purposes. Further, we 
believe that still greater improvement can be made without the 
use of more expensive steels. 


AvuTHOR’s CLOSURE 


Mr. Zeidler’s remarks are very interesting and timely. The 
results, assuming his mean stress to be 85,000 Ib per sq in. for the 
first 17 springs, check our results within 1 per cent and are lower 
due to the time interval he used. On the 8 springs whose mean 
stress is 100,000 lb per sq in., curve 13 gives a 10 per cent loss 
in load. This is within 1/, per cent of Mr. Zeidler’s figures. 
We consider this an excellent check on the utility and accuracy 
of our work. We are extremely glad that Mr. Zeidler has come 
forward with this information. 


Turbine Discharge Metering at t 


By J. M. MOUSSON,! BALTIMORE, MD. 


This paper discusses the suitability, calibration, and 
reliability of certain piezometer systems installed in low- 
head units of high capacity. An account is also given of a 


' research to determine and develop a suitable type of flow- 


meter to be operated by the differential pressure from these 
piezometer systems for continuous integration, indica- 
tion, and graphic recording of unit and plant discharges. 


, The type of equipment installed is presented in detail, as 


well as its adaptation as an automatic guide to operation, 
resulting in appreciable benefits through higher operating 
efficiencies. 


INTRODUCTION 


LTHOUGH continuous automatic accounting of unit dis- 
charge is not new, several recent improvements and de- 
velopments have entirely changed the aspect of desirability 

for apparatus of this kind, as many of the shortcomings of earlier 
installations, limiting their usefulness, have been successfully 
overcome. 

While, in some plants, automatic water accounting has been 
carried out for years, the necessary equipment has often been 
regarded as a luxury, particularly, as its sole purpose was usually 
confined to collecting runoff data at the project site to augment 
records of existing gaging stations or, perhaps, replace those of 
stations rendered inoperative in a project area due to construc- 
tion of a particular plant. Since the accuracy of river gaging is 
essentially not very high, and decidedly lower than that required 
for turbine-discharge measurements for acceptance tests, it has 
been standard practice to keep unit- and powerhouse-draft 
records by means of computations based on power output. At 
the same time, however, it has been generally recognized that the 
installation of input-measuring apparatus would be highly de- 
sirable, if and when unit-discharge and station-totalizing equip- 
ment of sufficient accuracy and within economical reach were 
available to serve as a yardstick for plant operation, both as to 
proper and efficient loading of the units and to detect troubles 
affecting their efficiencies. 

To illustrate the difficulty of the solution to this problem, it 
may be mentioned that, while equipment of this kind was con- 
templated at Safe Harbor at the outset of construction in 1930, 
as at that time already certain provisions had to be incorporated 
in the substructure, on the generator-room floor, in the conduit 
system, and in the control room, nevertheless, the various in- 
vestigations and development work required a substantial amount 
of time and it was not until late in 1938 that suitable equipment 
was finally installed. 


1—INVESTIGATIONS PURSUED 


The various investigations carried out dealt not only with the 
exploration of the principle to be employed, but also with the 


Mem. 


1 Hydraulic Engineer, Safe Harbor Power Corporation. 
A.S.M.E. 

Contributed by the Hydraulic Division and presented at the 
Annual Meeting, New York, N. Y., December 2-6, 1940, of THE 
AMERICAN Society or MrecHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
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possible consistency, sensitivity, and suitability of various ap- 
paratus. In the first place, it had to be established that the index 
method, based on differential piezometer deflection, is of sufficient 
accuracy as a basis of continuous water measurements. 


PIEZOMETER INSTALLATION 


In each of the substructures of the six main units comprising 
the initial development, there were installed three piezometers of 
the Winter-Kennedy type? in the turbine scroll and two pie- 
zometers of the Peck type® on one of the stay vanes of the speed 
ring, Fig. 1. While one of the Winter-Kennedy taps was placed 
in the high-pressure low-velocity region, the two other taps were 
located radially opposite thereto at the speed ring in the low- 
pressure high-velocity region, one just above the speed ring and 
the other tapped in the crown of the speed ring. 

The Peck piezometer locations are shown in Fig. 2, the impact 
tap in the nose and the low-pressure tap in the flank of the stay 
vane. In the first four main units to be installed, the Peck im- 
pact tap was located at the nose tip. On the fifth main unit it 
was placed at a slight angle to the longitudinal axis of the stay 
vane, 3/,in. from the nose tip, and on the sixth unit to be installed 
at a still larger angle, that is, 45 deg and 2'/;. in. from the stay- 
vane tip. At the same time, some shift in upstream direction of 
the Peck low-pressure tap was also made on the latter two units. 

In addition, two auxiliary piezometer openings were located at 


2 “Tmproved Type of Flow Meter,’’ by I. A. Winter, Proc. American 
Society of Civil Engineers, vol. 59, part 1, 1933, pp. 565-584. 

3“Two Methods of Measuring Water to Hydraulic Turbines,” 
Power, vol. 77, March, 1933, pp. 126-127. 
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the downstream nose of.one of the intake piers of each main unit 
for possible use should pumping with the units ever be resorted 
to for peak storage requirements during low flow. Both service 
units were provided with two piezometers of the Winter-Kennedy 
type. To prevent air pockets, all piping leading to the individual 
piezometer openings was placed with a continuous slope and cop- 
per piping was used to prevent corrosion. In the pipe tunnel 
beneath the generator-room floor, a piezometer board with verti- 
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cal glass tubes was installed at each unit where the deflections 
could be measured in feet of water. 

After placing each unit in service, it was essential, as a first step, 
to determine which combination of two piezometers would prove 
most consistent. This was done by plotting the differential pres- 
sure of any two taps against that of any one of the other possible 
pairs. From Fig. 3, it may be noted that the three Winter- 
Kennedy taps and the Peck impact tap showed a markedly better 
consistency than the Peck low-pressure tap Ys, the latter being 
responsible for the erratic behavior in three of the plots. On the 
other five main units, the results were similar with the exception 
that even the Peck impact tap, located closer to the nose or at 
the very nose tip of the stay vane, was considerably less steady. 
For all main units, the Winter-Kennedy taps showed a high de- 
gree of consistency. 

This result should not be interpreted as a general weakness of 
the Peck type of system. Investigating the origin of this erratic 
behavior, that is, through analysis of the results with the various 
Peck tap locations, as shown in Fig. 2, it was found that the cause 
for instability, particularly of the low-pressure tap, was rather in 
the design of the stay vanes than in the type of piezometer system. 
The Safe Harbor stay vanes are comparatively short and have a 
straight longitudinal axis. Since, on the one hand, the low- 
pressure tap was erratic in all units, irrespective of the shift 
upstream, and, on the other hand, the consistency and magnitude 
of deflection of the impact tap increased decidedly by the shift 
away from the nose tip, it could be concluded that the stay vanes 
of the speed ring were not pointed head on into the flow but at a 
considerable angle, causing a region of local disturbance on one 
side of the stay vanes, with the unstable region extending almost 
to the very tip of the vane. In the light of these results and, in 
view of the experience obtained elsewhere with piezometers of 
the Peck type, it would appear that a considerable improvement 
in stay-vane design is yet to be accomplished by lengthening, 
better streamlining, and curving these vanes. It is noteworthy 
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| Calibration of No.4 Unit Winter-Kennedy Piezometer 
Combination (Ry Rz) by Means of TypeLand Type I 
Current Meters (Test No.2) 


Typel Log Cy: 3.7170 = 5212 
Typell Log’Cr 3.6997 = 5008 


Difference 204 


35 


34 


Correction toTypel* t= 55 
Coefficient C: 5212+55 = 5267 
Q*5267 xVD. 
Calibration of Na5 Unit Winter-Kermedy Piezometer 
Combination (Ry-Rz) by Means of Type Il and Type I 
Current Meters 
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Difference AZ 
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that, in more recent installations, some improvements in this 
direction already have been made. 

While the piezometers were used initially simply as a relative 
index to determine the proper relation between turbine-blade 
and guide-vane positions under various operating heads for the 
Kaplan main units and served as a basis for the cam designs 
controlling the gate-blade relation, these piezometers were cali- 
brated for absolute-discharge measurements in course of the ac- 
ceptance tests by means of the two-type current-meter method.‘ 
The results obtained for the piezometer pair (R.:-R2) (refer to 
Fig. 1) of the Winter-Kennedy system of two main units are 
shown in Fig. 4. These curves relate piezometer deflection and 
discharge in accordance with the fundamental equation 


Q=Cx D 


where Q is the discharge measured in cubic feet per second and 
D the differential piezometer pressure in feet of water. The 
slope of the curves and their intercept at zero corresponding to 
the exponent a and coefficient C, respectively, were determined 
analytically, based on the method of least squares. 

Of the six main units, three were tested by means of current 
meters.‘ The piezometers of the other units were calibrated 
indirectly by assuming their peak efficiencies to be identical with 
those of other units of the same design and manufacture actually 
tested. This procedure was also followed for the two identical 
Francis-type service units in testing one of them by means of 
current meters and assuming the peak efficiencies of both to be 
alike. 

It is recognized that such a procedure is not absolutely correct 
because identical units have not necessarily identical peak efficien- 
cies. However, based on experience available, it is believed 
that the error thus introduced will not exceed 1 per cent for any 
one unit and that the average for the entire station should be 


4“Water Gaging for Low-Head Units of High Capacity,” by J. 
M. Mousson, Trans. A.S8.M.E., vol. 57, 1935, pp. 303-316. 


even closer, because the actual efficiencies of these units might be 
higher or lower. The calibrations of the piezometer pair (Re 
R,) of the Winter-Kennedy systems on the six main and the two 
service units are given in Table 1. 


TABLE 1 CALIBRATION OF PIEZOMETER PAIR (Ri-R2) OF 
WINTER-KENNEDY SYSTEMS 
Main unit Departure from Calibration 
no. Coefficient C average, per cent procedure 
2 5107 —0.80 Current meters 
3 5090 —1:13 Based on No. 5 unit 
4 5267 +2.30 Current meters 
5 5070 —1.52 Current meters 
6 5185 +0.72 Based on No. 4 unit 
7 5170 +0.43 Based on No. 5 unit 
Average 5148 
Service 
unit No 
41 330.8 —0.386 Based on No. 42 unit 
42 336.6 +0.86 Current meters 


Average 333.7 


Recognizing the fact that piezometers are very sensitive and 
greatly affected by local disturbances, due to irregularities of the 
water passage, as well as due to minute changes in the shape 
of the piezometer opening, the differences in the coefficients are 
relatively small.6 The variation in the exponent a of the equation 
(Q = C X D*) was also very small, varying between 0.500 = 
0.005, so that for all practical purposes the square root was found 
to be of sufficient accuracy. 

To guard against unexpected trouble in the future, which would 
render one or the other piezometer unreliable or useless, all taps 
were calibrated during these tests. For instance, Fig. 5 shows the 
calibration of No. 2 unit Peck impact tap Y; and Winter-Kennedy 
low-pressure tap (Rz) combination (Y1-f2). 

The calibrations of the piezometers also permitted arriving at 
some conclusion regarding the degree of consistency and relative 
precision of these systems, Table 2. The consistency or average 


5 “‘Piegometer Investigation,” by C. M. Allen and L. J. Hooper, 
Trans. A.S.M.E., vol. 54, 1932, pp. 1-11. 
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departure of one test point was determined analytically to +0.25 
per cent for the measurements with the type I current meter, 
shown in Fig. 4. The mean departure of one measurement was 
+0.34 per cent. The mean departure of all measurements was 
+0.06 per cent and the relative precision -+0.04 per cent. Con- 
sidering that these values.include not only the errors of the pie- 
zometer system but also those of the current-meter measurements, 
it is believed that the accuracy of the systems is fully adequate 
as a basis for continuous-flow measurements. 

As a next step it was essential to see whether or not the 
piezometers would maintain their calibrations over a period of 


years. The results for one unit and one pair of piezometers of 
the Winter-Kennedy system are shown in Fig. 6, using the 
runner-blade angle of the Kaplan units as a parameter. In this 
instance a somewhat wider dispersion of the test points as com- 
pared with that in Figs. 4 or 5, is to be expected as the measure 
of blade angle is not very accurate due to the inevitable lag in 
the blade-operating mechanism. The results indicate, however, 
that during the period of observation no change in calibration 
had taken place. Of particular interest are the test points ob- 
tained in 1934, prior to proper adjustment of the blade-gate re- 
lation which for some reason had become slightly incoordinated. 


y 
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TABLE 2 DETERMINATION OF CONSISTENCY AND RELATIVE 
PRECISION OF PIEZOMETER PAIR (Rs-R2); CALIBRATION OF 


NO. 4 UNIT 
Square 
Turbine Root 
Discharge of 
for Type I Piezometer Departures 
Test Current Meter Deflection ae Per 2 
Run QM ¢f.e Ry -R2 YR, -E2 ¢ Cent é 
1 7518 1.448 5192 -D 0.38 400 
Ps 5946 1.140 5216 +h 0.08 16 
3 4752 AT 5182 -n 0.58 90 
4 4768 915 521 -1l 0,02 1 
5 3687 78 5208 -4 0.08 16 
6 3735 -718 5202 -10 0.19 100 
7 3182 OL 5268 +56 1.07 RH 
8 3145 605 5198 -l. 0.27 1% 
9 3163 -608 5202 -10 0.19 wo 
10 5245 1,006 521, +2 0.04 4 
1 6594 1.268 5200 -l2 0.23 BUN 
1 6571 1,262 5207 -5 0,10 25 
13 8729 1.664 5246 +34 0.65 1156 
wu 8697 1.666 5220 + 8 0.15 64 
15 8115 DRS 5217 se) 0.10 25 
16 8401 1,612 5212 ) 0.00 (o) 
17 7875 1.510 5215 +59) 0.06 9 
18 Vaehd, 1.424 5228 +16 0.31 256 
19 7426 1.427 5204 - 8 0.15 64 
2 6611 1.278 5173 =39 0.75 1521 
a 6651 1.276 5212 (0) 0.00 lo) 
22 5987 1.153 5193 -19 0.36 361 
23 599k 1.155 5190 -22 0,42 484 
2, 5887 1.127 5224 +12 0.23 uk 
25 5858 1.227 5198 -u4 0.27 196 
26 5289 1.001 5231 +19 0.% 361 
27 591 1.015 5223 -u 0.21 121 
28 4726 ~906 5216 +h 0.08 16 
29 4712 906 5201 -u 0.21 121 
5°) 4174 hs 5237 +25 0.48 625 
31 4173 -81 5210 -2 0.04 4 
32 32 -697 5211 -1 0.02 1 
33 B34 677 521, +2 0.04 4 
34 3u5 595 5235 +23 Od 529 
35 DI 595 5195 -17 0.33 289 
x 2657 510 5210 -2 0.04 4 
37 2664 510 5224 +12 0.23 UL 
Ave Ave Igt 
=5212 0.25 =11537 
Results 


Consistency or average departure of one measurement = 0.25% 


Mean departure of one measurement = ~ \ks%/(n - 1) = +\11537/36 «i \20.472 


= 117.9 = *0.342 


Mean departure of all measurements =2\E65 n(n -1) = £\0537/ (37x36) = =\(3, 661 


= £2.94 = 10.06% 


Relative Precision of all measurements = 0.674 x 0.06% = * 0.040% 


This may be regarded as one example demonstrating the degree 
of sensitivity of piezometers and how useful they may be to detect 
improper operating conditions. 


FLOWMETER INVESTIGATION 


During 1934 and 1935, three types of flowmeters, each employ- 
ing a different principle, were investigated in detail to determine 
which type would meet the rigid requirements or could be further 
developed to a satisfactory stage. Aside from a minimum amount 
of maintenance desired, the chief requirements stipulated were 
a high degree of accuracy and sensitivity over the useful range 
and the possibility of totalizing the unit flow automatically for the 
entire station, as well as metering characteristics permitting short 
duration tests on each unit to determine its efficiency. The basic 
principles employed by these types of meters were as follows: 

For the first type of meter the differential pressure of two 
piezometer taps served to establish flow in a system, the intake 
being the high-pressure tap and the exit the low-pressure tap, 
the rate of flow through this system varying with the differential 
pressure or discharge through the turbine. The meter consists 
of a drum about 10 in. diam and 5 in. long with the axis of the 
drum or cylinder in a horizontal position. A vertical partition 
divides the drum into two half-cylindrical chambers. This par- 
tition supports the hollow central core of the drum. If the drum 


were split open its cross section would be similar to a wheel with 
two spokes. In the central hollow core of the drum, there is 
located a knife-edge bearing or a ball bearing to allow the drum 
to swing back and forth. The two drum chambers are intercon- 
nected through an orifice located near the lower end of the parti- 
tion, that is, near the drum periphery. 

By utilizing the flow through the system to displace mercury 
from one half-cylindrical drum chamber into the other through 
the orifice, there results a rotational movement of the drum 
around its own axis. Water displaced by the mercury in the 
second drum chamber is discharged through the low-pressure tap. 
When reaching a certain predetermined limit of tilting, a four- 
way cock operated by a mercury switch is turned 90 deg, changing 
the feed from the high-pressure tap to the other drum chamber 
and also connecting the low-pressure tap to the opposite chamber, 
thus reversing the flow of mercury and, accordingly, the direction 
of rotation of the drum. In continuous operation, a cyclic rota- 
tional drum movement is obtained similar to a pendulum motion; 
and the larger the differential pressure, the shorter the time re- 
quired for each cycle. A counter, operated by the limit mercoid 
switches mounted on either side of the drum, records the number 
of drum swings and can be calibrated to serve as a flow integrator 
through the turbine. 

The second type of meter employed the differential-piezometer 
pressure to lower or raise a float or dome also through displace- 
ment of mercury, the dead weight of the float being balanced by a 
counterweight supported by a cable fed over a pulley. By means 
of gears, the motion of the pulley shaft may be utilized for in- 
stantaneous-flow indication. The integration of flow is accom- 
plished through a clock-operated disk driving a small wheel at- 
tached to the cable. The cable movement changes the position 
of the small wheel and places it at a certain distance from the 
disk center. While at a high rate of flow, the small wheel is placed 
close to the disk periphery and, therefore, operating under a high 
gear ratio, it is placed in the disk center at zero position of the 
meter and, consequently, does not rotate at all. The small wheel 
driven by the disk in turn operates an integrating counter. At 
the same time, a graphic record of the unit discharge can be ob- 
tained by means of a pen recording the cable movement or posi- 
tion on a drum making 1 revolution per 24 hr. 

The third meter type employed a radically different principle. 
It is based on the fact that the centrifugal force exerted by a fly- 
ball system has the same relation to the rate of rotation that the 
differential pressure has to the rate of flow. The essential parts 
of this instrument are a tilting mercury manometer and a motor 
integrator carrying a flyball system, so arranged that the centrifu- 
gal force due to rotation of the integrator is opposed to the 
force of the tilting manometer, Fig. 7. A mercury switch operated 
by the beam of the tilting manometer controls the motor speed, 
maintaining a balance between the centrifugal force of the mo- 
tor integrator and the piezometer-differential force acting upon 
the tilting manometer. Since the force due to the piezometer 
differential varies with the square of the flow being measured and 
the centrifugal force of the integrator also varies with the square 
of the integrator speed, the two square laws accordingly cancel, 
thus leaving a direct relation between flow and integrator speed. 
A counter geared to the motor integrator shows revolutions in 
terms of flow. 

While the first type of flowmeter referred to was found to be ex- 
tremely accurate even for very low differential pressures, that is, 
low turbine discharges, its main disadvantage lay in necessitating 
a continuous flow through the piezometer piping system. For 
the measurement of gas, steam, filtered water or any refined fluid, 
there would be no danger from plugging up the piping, but with 
silt-laden river water, such as carried by the Susquehanna River, 
there was great danger of rendering the entire piezometer piping 
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system useless, even with frequent flushing by compressed air or 
filtered water. At the same time, this apparatus did not lend 
itself particularly to totalizing, because a like periodicity of the 
drum motion on different units would not correspond to equal 
unit discharges, due to the difference in the piezometer calibra- 
tions. Theoretically, it could be compensated for by introducing 
different gear ratios for the individual counters or by changing 
the size or location of the orifice connecting the two drum cham- 
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Fig. 7 DriaGRamMMAtTic SKETCH OF TYPE 3 FLOWMETER 
(By courtesy of the Leeds & Northrup Company.) 


bers or even through adjusting the amplitude of the cyclic rota- 
tional drum movement. In view of the various disadvantages 
and complications, this type of meter, though accurate, could not 
be given any further consideration. 

Two flowmeters of the second type were purchased and installed 
temporarily on separate units in the pipe tunnel beneath the 
generator-room floor. Prior to shipment, these meters were 
calibrated by the manufacturer for the respective piezometer 
systems. Asa first step, hourly readings of the meters were com- 
pared with analytically determined unit discharges based on 
output. As expected, the flowmeters showed consistently larger 
unit discharges, the discrepancy being more the greater the 
fluctuation in loads carried by the units. With the units operating 
on hand control and blocked to generate at a constant output, 
there was close agreement between metered and analytical dis- 
charges. These results may be attributed to the concave shape of 
the unit-efficiency curves. 

Next, these flowmeters«were used to make turbine-efficiency 
tests of 5- and 10-min duration, the flowmeters being read every 
15 sec and the watt-hour-meter-disk revolutions and the time in 
seconds being recorded by a chronograph. On each unit, the 
test points thus obtained spread considerably over a band about 
3 per cent in terms of efficiency. This discovery led to analysis 
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of the instrument errors by making standard water-column tests. 
Three major sources of errors were revealed. A first error was 
traced to the eccentricity of the integrating disk. This error was 
not constant but had a periodic sinusoidal characteristic com- 
pleting the cycle in 1/2 hr, corresponding to the time required 
for 1 revolution of the disk. While for one of the flowmeters 
the amplitude of this sinusoidal-error curve varied between 
+0.63 and —0.38 per cent, the other flowmeter showed disk- 
error variations between —0.82 and +1.39 per cent. The 
second error, which could not be controlled, was the variable fre- 
quency of the station-service system from which the clock driving 
the integrating disk obtained its power supply. Since the 
frequency varied about 1 per cent, it was sufficient to make the 
disk error inconsistent with time, by causing a phase shift 
in the disk-error curves. 

The third source of error was due to the lap of the counter 
gears and the weight of the rotating countersweep hand, its 
weight tending to accelerate the motion in the downstroke and 
retard it in the upward swing. This phenomenon superimposed 


Fie. 8 


TEMPORARY INSTALLATION OF EXPERIMENTAL TyPH 3 
FLowMET®#R AT No. 5 UNIT 


another error of periodic characteristic upon the first error re- 
ferred to. To make matters more complicated, the frequency of 
the second periodic error was not constant but varied with the 
discharge, being a function of the speed of the countersweep hand 
and, therefore, decreasing with increasing discharge. 

Although results of short-duration efficiency tests, using com- 
pensating measures for the errors referred to, gave greatly im- 
proved results, it was realized that such procedures were too com- 
plicated to be adopted as a routine measure on all units, because 
the effort involved, in analyzing instrument errors for meters to 
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be installed on all units and the use of difficult and complicated 
compensating procedures for each meter, was far too great in 
comparison with the accuracy of the results obtained. 

An experimental flowmeter of the third type was installed 
temporarily on one of the units, Fig. 8, and operated in parallel 
with one of the meters of the second type. Hourly readings on 
both meters were compared with each other as well as with dis- 
charge computations based on power output. The two flowmeters 
agreed within 0.5 per cent in average, the third type of meter 
being closer to the analytically determined discharge. 

Short-duration efficiency tests on the third type of meter 
showed a very small spread of test points and a very good agree- 
ment with the results of the turbine acceptance tests. The exe- 
cution of these tests could be simplified considerably by being 


able to record the flowmeter countershaft revolutions, Fig. 7, by 
means of electrical impulses on the chart of a recorder simul- 
taneously with the revolutions of the watthour-meter disk and 
second impulses. The watthour-meter-disk revolutions were ob- 
tained by means of a photoelectric-cell arrangement, a small 
electric bulb being placed on one side of the disk and the photo- 
electric cell on the opposite side. The beam of light causing the 
impulses fell through the balancing hole in the watthour-meter 
disk. The second impulses were obtained also by means of a 
photoelectric-cell arrangement mounted on the master clock for 
frequency control of the system, the beam of light being cut by 
the pendulum. 

Next, the meter errors of the third type of flowmeter were 
analyzed by means of the standard water-column tests. As may 
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be seen, the error curve as shown in Fig. 9 had the typical shape 
of a rotational integrating device. While the test points were 
rather consistent, nevertheless it was concluded that further 
improvement of the meter should be carried out to flatten and 
lengthen the horizontal leg of the error curve and improve its 
accuracy to such a degree that even analytical compensating 
measures would not be required for short-duration efficiency 
measurements on the turbines. 

Additional tests were carried out to determine the responsive- 
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ness and sensitivity of the second and third types of flowmeters 
with varying load on the generating unit. The results, shown in 
Fig. 10, demonstrate the consistency of the third type of flow- 
meter, as it follows the watthour-disk-revolution indications con- 
sistently in contrast to those of the second type. 

In view of the fact that the totalizing with the third type of 
meter was a simple electrical problem and well-established 
principle, it was decided to use the third type of flowmeter for 
the Safe Harbor installation, provided satisfactory improvements 
were made by the manufacturer in the error characteristics. 


2—FLOWMETER EQUIPMENT INSTALLED AT SAFE 
. HARBOR 


During 1936 and 1937, various studies were made on remote 
unit-discharge-totalizing equipment. The manufacturer’s at- 
tention was drawn also to the possibility of using this type of 
equipment as part of unit- and station-efficiency indicating-and- 
recording apparatus. By 1938, the plans for such an installation 
had crystallized to a point where it was felt safe to proceed with 
the installation of the flowmeter equipment for all units, as well 
as the flow-totalizing apparatus for the entire station. 

The flowmeters selected were installed in cabinets originally 
provided on the generator-room floor, located adjacent to and 
forming an integral part of the gage boards of each unit, Fig. 11. 
This installation comprised eight flowmeters, one for each of 
the six main units and one each for the two service units. On all 
units the flowmeters were connected to the Winter-Kennedy 
piezometer pair (Rs-R2) and calibrated, based on the data 
given in Table 1. 

It should be noted that the error characteristics of these meters 
had been materially improved, so that no correction of any 
sort had to be applied over the entire range of turbine discharge 
actually used. The improvement in the error characteristics can 
best be realized by comparing the check calibrations of three 
flowmeters after installation, Fig. 12, with the results obtained 
with the experimental flowmeter in 1934, which is shown in Fig. 9. 

Another desirable advantage of these meters is that the check- 
ing or recalibration is greatly simplified by calibrated weights to 
be hung on one arm of the tilting mercury manometer, thus 
eliminating the use of standard water columns. As demonstrated 
by the data plotted in Fig. 12, the results obtained by each method 
are, for all practical purposes, identical. 

The power supply for the flowmeter motor integrators was ob- 
tained from the 120-v 60-cycle station-service system at outlets 
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Fig. 13 DiscHarGe Torarizine RELAYS 


available at each unit gage board. The totalizing apparatus was 
installed on a panel of the relay board in the control room, Fig. 
13. Its principal parts consist of four impulse totalizing relays. 
Three of these serve as unit-discharge totalizers for a group of 
three turbines each and one as master totalizer for the entire sta- 
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tion, giving the sum total of the three unit totalizing relays. The 
spare position on the first totalizing relay will be used for the flow- 
meter at No. 1 unit, now being installed. While the input-out- 
put ratio of the unit totalizing relays is 5:3, the master totalizer 
has a ratio of 3:1. Since each impulse sent out by the interrupter 
on the countershaft of the individual flowmeters represents 20,000 
cu ft, each impulse received by the station total discharge counter 
from the master totalizing relay corresponds to 100,000 cu ft. 
The station-total counter is mounted below the totalizing relays 
on the same panel, Fig. 14. Individual unit discharges can be read 
on the individual impulse counters of the unit totalizing relays. 
Mechanical counters were provided on all flowmeters in order to 
facilitate the checking of impulse transmission and relay opera- 
tion, as well as for rechecking the calibrations of the flowmeters 
themselves. 
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A total station discharge graphic recorder and discharge in- 
dicator, combined in one instrument, was installed on the instru- 
ment panel located opposite the totalizing-relay panel, Fig. 15. 
The upper range limit of the graphic recorder and the indicator 
was chosen as 80,000 efs, representing the approximate maximum 
station draft of the Safe Harbor development for a number of 
years in the future. 


3—BENEFITS OBTAINED THROUGH FLOWMETER 
INSTALLATION 


During 1939, various investigations were made based on the 
data obtained by the flowmeter installation. The operators were 
required to read the individual unit discharges and the station- 
total draft every hour on the hour, together with the unit and 
station integrating watthour meters, as well as forebay and 
tailwater indications. The operators, however, were still charged 
with computing the individual unit and total-station drafts based 
on power output, as had been standard practice. It was felt that 
a long-term comparison was essential to obtain the proper basis 
for continuous-flow records at Safe Harbor, the transition period 
furnishing the ratio between computed and automatically re- 
corded station drafts under the various seasonal loading schedules. 
Once sufficient data have been accumulated, it is expected that 
the operators will be relieved altogether from computing the dis- 
charge based on output. 

The data obtained by the operators were also used to investi- 
gate unit and station operating efficiencies. An investigation of 
this kind was all the more essential, as during approximately 290 
days of the year the available river flow at Safe Harbor is 
less than the station draft required with all six main and two 
service units installed operating at maximum capacity. After 
placing the seventh main unit in service, which is now under con- 
struction, the corresponding period will increase to 305 days. It 
was interesting to note that the availability of an input yardstick 
had a decidedly stimulating effect on the operating personnel. 
While, during the first month of flowmeter operation, that is, 
January, 1939, the ratio of actual loss in generation to expected 
loss was greater than unity on all but 8 days, this ratio did not 
exceed unity during 18 days in May, 1939, under similar river-flow 
conditions and loading schedules. It has been estimated that 
an improvement of this magnitude is responsible for an increase 
in generation of at least 0.3 per cent, or approximately 1,700,000 
kwhr per year with the present installation of six main units and 
1,900,000 kwhr per year with the seventh main unit placed in 
service, so that the flowmeter installation will pay for itself in a 
very short time. 


TypicaL LoapIna SCHEDULE FoR SAFE Harpor Marin Units 


With a close continuous check on unit operating efficiencies 
available, it was also possible to keep the losses due to trash on 
the intake screens appreciably below those which must have been 
prevailing during previous years. Prior to the installation of the 
flowmeters, the screen losses were determined from time to time 
by measuring the screen head loss. Now, as soon as any of the 
units show a drop in operating efficiency, as indicated by the 
hourly readings, the screen losses are determined independently. 
After cleaning the racks, the operating efficiency invariably in- 
creases to the expected level. Although it is difficult to estimate 
the increase in station economy due to this means of obtaining an 
earlier indication of the loss in efficiency due to plugging up of 
the screens, nevertheless, it is believed that the benefits thus 
derived are substantial. 

Since the availability of the particular type of flowmeters per- 
mitted short-duration turbine-efficiency tests to be carried out by 
one man, therefore justifying itself as a routine measure, it was 
also possible to investigate in detail the efficiency characteristics 
of each main turbine over the entire range of operating heads. 
Such a procedure was particularly desirable as these turbines 
are of the Kaplan type, requiring an adjustment of the cam con- 
trolling the gate-blade relation for the various operating heads, 
the operators being required to change to a new cam setting after 
each 1 ft of change in head. While these compensating devices 
on all main units were originally designed and calibrated, based 
on a minimum of information due to the costly testing procedures 
even with the use of the index method with piezometers, the 
flowmeters available made it possible to check and recalibrate 
these compensating devices with a large amount of detailed in- 
formation obtained with a minimum of effort. The scope of the 
work involved can best be realized by mentioning that, although 
five of the six main units were of identical design, nevertheless, 
the characteristic of each unit was found to be sufficiently differ- 
ent from the others to warrant individual cams, consequently 
requiring individual calibration of the cam-adjustment device 
for variation in head. The results of this investigation reflected 
favorably upon the operating efficiencies of the individual units 
and the station as a whole. 

As a next step, a detailed study was undertaken to determine 
the magnitude and duration of avoidable inefficient operation in 
percentage of total operating time. From the ideal loading 
schedule for the main units, as shown in Fig. 16, and valid for a 
gross head of 55 ft, it is apparent that the band of permissible 
load variations of each unit decreases with increasing number of 
units on the line. With capacity requirements above the most 
efficient station operating range with all available units operating, 
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all individual unit loadings are increased by equal amounts up to 
the point of maximum capacity. 

By analyzing the chart of the total station discharge recorder, 
Fig. 15, in the light of the operator’s log, it was noted that con- 
siderable periods elapsed between the time of placing units on or 
off the line and the ideal loading schedule. The losses thus sus- 
tained, though by no means excessive, when compared with some 
other stations were nevertheless appreciable, amounting to 
about 10 per cent of the total operating time on the average.®7 
It was realized that there was considerable room for improve- 
ment provided proper means were available for giving instantane- 
ous warning when reapportioning of load to individual units is 
required. It is obvious that in this connection some thought was 
again given to efficiency-indicating-and-recording apparatus, 
but another and far simpler and less expensive solution was dis- 
covered. 


4—INSTALLATION OF LOAD-LIMIT LIGHTS 


The characteristics of the Kaplan-type main turbines in- 
stalled at Safe Harbor are such that the most efficient discharge 
range of these units is, for all practical purposes, independent of 
_ the head if the loading schedules, valid for each head similar to 
. that in Fig. 16, areadhered to. Thus the discharge, with one unit 
' operating within the permissible load range, varies between 4000 
and 8200 cfs irrespective of the head, and the discharge ranges 


TABLE 3 DISCHARGE LIMIT SETTING FOR LOAD LIMIT 
LIGHTS 


Discharge Discharge-range Main units to 
range, no. setting, cfs be operated, no. 

1 0- 4000 0 

2 4000-— 8200 Be 

3 8200-14900 2 

4 14900-21400 3 

5 21400-27500 4 

6 27500-33900 5 

7 33900-40800 6 

8 40800-48000 i) 


with any given number of units operating are also constant, i.e., 
independent of the head for all practical purposes. In view of 
these characteristics and taking proper account of station-service 
unit draft requirements, it was possible to provide for an auto- 
matic and instantaneous load-limit indicating apparatus as an 
integral part of the total station discharge indicator and recorder, 
shown in Fig. 15. 

Essentially, this device consists of a contact-making cam ar- 
rangement controlling two warning lights, one located on the 
operator’s desk and the other on the instrument board above the 
station total discharge recorder. For each load range between 
two discharge limits, Table 3, there is available one contact-mak- 
ing cam assembly independently adjustable as to what part of 
the total-discharge range it will control. A control switch is pro- 
vided with one position for each discharge range, that is, number 
of units to be operated, connected so as to keep the light extin- 
guished when set for the number of units to be in operation for 
best efficiency, as long as the discharge is in the corresponding 
range. If the discharge crosses the limits of this range, the lights 
will be lighted from the contact assembly of the adjacent range 
either until the switch has been reset to the number of units, cor- 
responding to this new range, or the discharge has returned within 
the range. With the control switch being kept set correctly, that 
is, corresponding to the number of units in operation for best 
efficiency in each discharge range, the illumination of the lights 
will indicate inefficient operation. 


6 “How We Raise Hydro Efficiencies,” by E. B. Strowger, Electrical 
World, vol. 103, April 14, 1934, pp. 535-538. 

7“*Waterwheel Testing and Operating Records of Plant Dis- 
charges,” Proceedings National Electric Light Association, vol. 85, 
1928, pp. 872-904. 


It may be noted that eight discharge ranges have been provided, 
the reason being that the seventh main unit is now being installed 
and that an indication is also desirable when the station as a 
whole, with all seven main units operating, has reached the upper 
limit of the range of most efficient operation. 

In addition, the scope of the total discharge station indicator 
and recording instrument will be increased by means of adding 
a load-operating-range scale, each division of this scale cor- 
responding to the permissible range of discharge for a certain 
number of units in operation as shown in Table 3. By means of 
this improvement, it will be possible to observe at a glance how 
many units should be in operation at any time. When reaching 
a load limit as indicated by the warning lights and observing the 
shape of the discharge curve plotted by the station-discharge re- 
corder, it also will be immediately apparent whether an upper or 
lower limit has been reached, requiring one unit to be put on 
or off the line, respectively. 

To keep a definite record of inefficient operation, the station 
total discharge recorder is also to be equipped with an additional 
pen element operating simultaneously with the load-limit lights. 
This added provision will also enable the operators to ascertain 
the duration of the period of inefficient operation prior to noticing 
the lighted load-limit lamps, so that the allowable 10-min interval 
of borderline operation is not exceeded. Some inefficient operat- 
ing time is necessarily unavoidable and, for the present and some 
time past, we have felt that a 10-min period of allowable inef- 
ficient operating time is reasonable. 

The installation of this load-limit light apparatus is now in 
progress and it is expected that, due to its availability, avoidable 
inefficient operation will be reduced to a negligible amount, re- 
sulting in an additional and substantial increase in operating 
efficiency and station output. 


Discussion 


M. M. Borpen.’ The type 2 flowmeter referred to was not 
constructed with certain precise operations, involving gear-center- 
ing and tooth-spacing in particular, which are applied to in- 
struments the totalized flows of which are to be read at intervals 
of a few minutes rather than several times a day. 

A case in point is taken from the record of one of several such 
meters, which were furnished for an electric power station. 
In this instance the maximum errors of the totalizer when 
read at 5-min intervals varied from —0.8 to +0.9 per cent with 
an average for a 90-min period of +0.16 per cent. 

For 10-min intervals between readings, such point errors 
varied from +0.65 to —0.65 per cent and the 90-min average 
was +0.16 per cent. 

For 30-min intervals between readings, the point errors were 
from a maximum of +0.3 to —0.1 per cent, with a 90-min aver- 
age of +0.1 per cent. 

The errors were determined by comparing the readings of the 
fast-moving hand of the totalizer with its 4-in. graduated circle 
with the record of the water weighed in the laboratory tanks. 

The type 2 instrument permitted comparison of the instantane- 
ous rate of water flow with the corresponding instantaneous in- 
dications of the electrical output and of the head on the wheels. 

The water-flow rate indication of this meter is made without the 
use of gearing and may be read by a pointer moving in front 
of an equally spaced flow scale of whatever radius is required. 

While the W-K relationship appears to have a normal flow of 
0.5 for n, the operating principle of the type 2 meter allows it to 
be furnished with a uniformly spaced flow scale for any value of n 
which the particular field rating might necessitate. 

8 Chief Engineer, Simplex Valve & Meter Company, Philadelphia, 
Pa. Mem. A.S.M.E. 
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BE. S. Brisrou.’ This paper presents an interesting review of 
the steps taken in a persistent investigation that finally resulted 
in a flow-measuring installation of a rather unusual nature. It is 
of interest also to note how the various obstacles were overcome 
through careful study and how the information yielded by the 
final metering system was analyzed to obtain improved station 
performance. 

Additional information with respect to the type 3 flowmeter 
described by the author, will make more apparent the character- 
istics contributing to the degree of accuracy reported. Refer- 
ring to Fig. 7 of the paper, it is seen that the flowmeter is a 
force balance in which a force dependent upon piezometer pres- 
sure difference is opposed to centrifugal force from a rotating- 
flyball system. The meter is a relay-type mechanism, in which 
the balance arm functions only as a detector to regulate electric- 
power supply to the integrator motor. A knife-edge support is 
provided for the balance arm which is not required to operate 
any indicating, recording, or integrating elements, but which 
merely functions to actuate a magnetically operated mercury 
switch. The alternate closing and opening of the mercury 
switch results in an on-off control of the integrator motor, such 
that its speed oscillates slightly above and below the required 
average value for any particular pressure differential. The 
tilting manometer thus has a continuous rocking action, similar 
to that of many speed governors, which reduces to a minimum 
any tendency of the mercury to stick to the manometer tubes 
as well as any frictional effects. 

The flyball system, actuated by the integrator motor, is of 
the neutral type, such that force transmitted to the manometer 
arm is independent of the flyball angular position over the work- 
ing range. This characteristic avoids change in calibration 
when the manometer arm assumes slightly different average 
positions, as required to change the on-off time cycle of the 
mercury switch in maintaining required motor speed, despite 
variations in voltage, frequency, etc. 

The integrating element of this type of meter inherently pos- 
sesses the same accuracy as the meter itself, since direct coupling 
of the integrator to the variable-speed motor, driving the flyball 
system, avoids the introduction of any intermediate errors. 

Separate means of adjustment are provided for calibrating the 
high and low ends of the meter range, thus making it possible to 
match closely the characteristics of the primary-flow element, 
such as the turbine-scroll piezometers employed at Safe Harbor, 
or the venturi tube, flow nozzle, or thin-plate orifice more com- 
monly used. The high-range adjustment consists of a threaded 
rod for changing the point of attachment of the vertical flyball 
link to the horizontal manometer arm. The low-range adjust- 
ment consists of a moving balance weight on the manometer arm. 
By means of these adjustments, the meter calibration can be 
readily changed in the field to suit an experimentally determined 
coefficient of the primary element, in applications where facili- 
ties are available for checking the latter in its service location. 
Figs. 9 and 12 of the paper indicate the nature of the variations 
which can be made in the meter calibration. The experimental 
meter of Fig. 9 was slow at the higher flows, so that the ma- 
nometer balance weight was offset in the increase direction to im- 
prove the over-all relation. The three calibration curves of pro- 
duction meters, in Fig. 12, show much improved settings at high 
flows, with both high and low deviations at low flow, depending 
upon the particular low-range-adjustment setting. As pointed 
out by the author, once the relation between water-column read- 
ings and check-weight readings has been determined, the latter 
can be used in routine accuracy checks with resultant saving in 
maintenance time. 


9 Engineering Department, Leeds & Northrup Company, Phila- 
delphia, Pa. Mem. A.S.M.Es* 
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The relay equipment for totalizing station-water flow is of the 
standard impulse type employed for electrical-demand metering, 
with minor modifications to suit the high rate of operation re- 
quired. Flow is totalized every 2 min, so that a high rate of 
impulses per minute is necessary in order to obtain reasonably 
close setting of the totalizing recorder. The pen of this recorder 
moves at the expiration of each 2-min interval to a position corre- 
sponding to average rate of station-water flow during that inter- 
val. The totalizing action employs positive forward and return 
electrical impulses, with corresponding forward and return sole- 
noids on the totalizing relays. As a result, no false counts occur if 
a transmitting contact chatters and produces more than one im- 
pulse in the same direction. After each forward impulse, the 
associated return impulse must go through to reset the receiving 
element, before a successive forward impulse can be of any effect. 

The author refers to the possible use of the flowmeter equip- 
ment as a component of efficiency-measuring equipment for 
individual generating units or for the complete station. To 
obtain an indication or record of efficiency, elements must be 
added which will properly combine effects representative of 
electrical output and hydraulic head with the water-flow meas- 
urement and provide an ultimate indication of the ratio of elec- 
trical output to the product of water flow multiplied by head. 
These operations can be performed electrically, using an emf 
from a thermal converter or torque balance to represent electrical 
load, an emf from a slide-wire, positioned in accordance with rate 
of flow, and an emf proportional to head, as derived from float- 
actuated slide-wires at the forebay and tailrace. By applying 
these emf values to suitable potentiometer recording equipment, 
a continuous record can be obtained of the efficiency of an in- 
dividual unit or of the entire station. 

In closing, it may be mentioned that the type 3 flowmeter is 
not restricted to hydraulic applications, but is also employed in 
steam-flow service. 


F. Nacier.!° The water-power industry has been all too 
slow in analyzing its own performance. Its system seems to be 
much less exact than that of a flour mill, a country grocery store, 
ora gold mine. All too frequently, however, because of the dif- 
ficulty of sampling the ore, mining operations are tabulated on 
the basis of adding the bullion produced to the assumed or meas- 
ured gold content in the tailings, that sum being reported as 
the “head.” Water-power management has not been so greatly 
different in the conduct of its own affairs. 

The ideal state would be to charge to the plant the flow in 
the river and credit to the plant the kilowatthours produced. 
The apparatus methods described in the paper are, apparently, 
sufficiently directed to that very end. 

Is it not inevitable that any piezometer located on the nose 
of the vane will be more erratic, under variable-flow conditions, 
than one located on a surface where the flow is directed? This 
does not refer so much to the variation of flow from the operation 
of the guide vanes, as to variations resulting from influences 
further upstream. Typical sources would be the condition of the 
racks but, more particularly, the condition of operation of adja- 
cent units. In any event, careful observation of the indicated 
results should permit attention to be called quickly to any ab- 
normal flow condition which might be harmful. 

Apparently, Fig. 16 of the paper tells quite a story, not so 
much for a plant containing six units, but particularly for plants 
which contain more. Flatness of the efficiency-gate-opening 
curve naturally plays less and less part in efficient operation of 
plants as the number of units increases. Should this be applied 
still further to the regulation of units, a series of curves would 


10 Chief Engineer, Canadian Allis-Chalmers, Ltd., Toronto, Can- 
ada. Life Member A.S.M.E. 
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result very much as shown in Fig. 7 of a paper’? by the writer on 
speed regulation. 


J. F. Roperts. This paper should be of great interest to 
engineers who have tried to keep accurate discharge records at 
hydroelectric plants. Apparently, the author’s organization 
has been successful in obtaining the cooperation of the operating 
engineers. In his earlier experience the writer frequently en- 
countered opposition or at least lack of interest in this regard. 
Since turbine flowmeters invariably show a greater discharge, 
as compared with computed discharges based on kilowatthour 
output, the operators sometimes preferred the latter method, as it 
gave them credit for a higher operating efficiency than actually 
existed. 

The desirability of turbine flowmeters is now universally recog- 
nized by operators as essential in large modern hydroelectric 
plants. How many modern steam plants are built at the present 
time without accurate coal, feedwater, and steam flowmeters? 
Electrical engineers would not think of omitting both integrating 
and recording watthour meters, yet some of these same engineers 
formerly belittled the use of turbine-discharge flowmeters, pre- 
ferring to rely on the unit-performance curves made up when the 
units are new and under ideal test conditions. 

The Tennessee Valley Authority has had excellent results with 
the Winter-Kennedy type of taps shown in the author’s Fig. 1. 
One set of these taps was calibrated on a 16-in. test model of a 
45,000-hp 48-ft head, fixed-blade propeller turbine, obtaining the 
following calibration: Q 6562 D°.481 where D is the deflec- 
tion in feet of water, the quantity of water being measured by a 
weir. 

Gibson tests on similar taps on a 66,000-hp 165-ft head Francis 
turbine gave the following equation for two similar units: 


_ (Q = 1693.4 D°™ for Re—Rs 
: 
ao Q = 1367.7 D°5*" for Rs—R 
__ ( Q = 1659.3 D°51% for Rs— Rs 
Oe Q = 1325.2 D8 for Re— Ri 


where D is the deflection in inches of mercury. 


J. W. Scovituz.18 The stay vanes of a speed ring are a neces- 
sary evil, and their angle and shape have been objects of consider- 
able investigation in so far as turbine efficiency is affected. The 
angle is necessarily a compromise, since a turbine has to operate 
at any gate opening. The angle and shape are such that the best 
efficiency is not reduced nor maximum output affected adversely. 
Necessarily no consideration has been given to the effect on the 
Peck piezometers. The writer has noticed that the coefficient 
for the Peck taps varies with gate opening on Kaplan turbines in 
several plants which have been tested. This fact does not neces- 
sarily preclude their use for index testing in connection with the 
determination in the field of the proper blade-gate relationship 
of a Kaplan turbine. The Winter-Kennedy system is equally 
suitable for this purpose. 

The author mentions but does not stress the fact that the 
piezometers were used for such index testing. It is possible by 
such methods to obtain the correct blade-gate relationship of a 
Kaplan turbine without going to the expense of a water-measure- 
ment test. 

As the author points out, if the deflection between Peck or 


“Changing Requirements in Hydraulic Turbine Speed Regula- 
tion,” by F. Nagler, Trans. A.S.M.E., vol. 52, 1930, HYD-52-2. 

12 Principal Mechanical Engineer, Tennessee Valley Authority, 
Knoxville, Tenn. Mem. A.S.M.E. 

18 Assistant Chief Engineer, S. Morgan Smith & Company, York, 
Pa. Mem. A.S.M.E. 


Winter-Kennedy taps is measured, Q is equal to C x D* where a 
is practically 0.5. If a test is made at various blade angles at 
several gate openings, during which the head, kilowatt output, 
and deflection are measured, curves can be plotted as shown in 
Fig. 17 of this discussion. 

The ordinates KW~/D are proportional to the unit efficiency if 
plotted for a constant head. In effect, such a curve is an over- 
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all power-efficiency curve at an unknown scale. The tangent 
point of the envelope to the individual curves at the several blade 
angles A to # determines the proper gate opening at these blade 
settings. If, as the author suggests, the peak efficiency is esti- 
mated, the efficiency curve is then determined, as well as all 
necessary data for the proper operation of the unit. Thus, the 
advantages.of a field test may be obtained on a unit where it is 
impossible to make an accurate water measurement. Such an 
index test may be made on any plant at a saving in cost over a 
more extensive one in which a water measurement is made. 


E. B. Srrowcer."' The author shows that at Safe Harbor the 
exponent a in the equation representing the Winter-Kennedy de- 
flection-discharge relation was determined by experiment to be 
0.5, this equation being Q = C xX D*. With a equal to 0.5 it is 
apparent that, in the case of the Safe Harbor units, the force due 
to the piezometer differential varies with the square of the flow. 
Since centrifugal force varies as the square of the speed, the 
author was able to utilize an integrator carrying a flyball system, 
so arranged that the centrifugal force due to rotation of the inte- 
grator is opposed to the force of a tilting mercury manometer, 
resulting in a direct linear relationship between flow and inte- 
grator speed. If the value of the exponent had been found to be 
other than 0.5, the relationship between flow and integrator 
speed would not be linear and the integration of the flow would 
have been more complicated. Possibly in this case a slight cor- 
rection in the flyball system could be made to produce the de- 
sired direct relationship. 

Table 4 of this discussion is presented to show a number of 
Winter-Kennedy tap calibrations which have been made by the 
Gibson method of testing on 50 units in 12 different hydroelectric 
power plants. The exponent a for these taps is shown to vary 
from a minimum of 0.476 to a maximum of 0.538 and the arith- 


14 Hydraulic Engineer, Buffalo, Niagara and Eastern Power Cor- 
poration, Buffalo, N. Y. Mem. A.S.M.E. 
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TABLE 4 RATINGS OF CERTAIN WINTER-KENNEDY TAPS BY 
THE GIBSON METHOD 


(O=—CSeD5) 
No. of 
Plent Unit Date of Test Test Runs Taps Used Cc a 
1 1 6/18/31 26 - 865.9 0.529 
2 4 9/10/31 45 = 1923 -3 +505 
3 1 9/25/30 45 - 949.0 503 
4 1 4/21/32 29 - 34.1 500 
4 2 4/22/32 29 - 34.1 +500 
4 3 4/23/32 29 - 34.1 +500 
5 2 3/15/33 30 (R4-R1) 2759 9 +508 
5 2 3/15/33 30 (R4-Ro) 3315 «1 -508 
> 9 3/11/33 30 (Rk-R1) 264k 3 518 
5 9 3/11/33 30 (Rk-Ro) 2989.8 518 
5 A 3/13/33 31 (Rh-Ro) 557 9 521 
5 A 3/13/33 mu (Rk-R1) 599 5 521 
5 11 8/16/34 32 - 2734.0 513 
6 i 8/15/33 26 (R4-Re) 646.9 535 
6 1 8/15/33 26 (R4-R5) 739-1 535 
6 2 8/16/33 25 (R4-Ro) 650.1 535 
6 2 8/16/33 25 (R4-R3) 754.9 535 
6 3 8/17/33 25 (Rh-R2) 668.1 538 
6 3 8/17/33 25 (Rk-R3) T40 .3 538 
6 y 8/18/33 25 (R4-Ro) 647 8 538 
6 4 8/18/33 25 (R4-R3) 753-1 538 
7 5 9/18/33 ho (Note 1) 2728.9 «496 
7 2 10/22/35 47 (Note 2) 1212.9 521 
8 1 4/16/37 30 (Re-R1) QT 5 508 
8 1 4/16/37 30 (R3-R1) 835.7 508 
8 1 4/16/37 30 (Rk-R1) 686.0 508 
8 2 4/19/37 31 (Re-R1) 1012.2 503 
8g 2 4/19/37 31 (R3-R1) 893.0 503 
8 2 4/19/37 31 (Rk-R1) 710.9 +503 
8 oS 4/21/37 30 (R2-R1) 1029.6 495 
8 3 4/21/37 30 (R3-R1) 870.9 «495 
8 3 4/21/37 30 (R4-R1) 732.8 495 
8 4 4/23/37 22 (Re-R1) 1035.5 +505 
8 4 4/23/37 22 (R3-R1) 894.5 2505 
8 4 4/23/37 22 (R4-R1) 721.2 2505 
9 i 10/12/37 35 (R5-Ro) 817.1 -508 
9 3 10/12/37 35 (R5-R) 941.8 515 
9 8 10/15/37 35 - 354.1 -508 
9 8 10/15/37 35 - 436.7 476 
Us 5 10/11/38 21 (R6-R},) 873.1 2505 
9 2 10/11/38 21 (R6-R3) 801.8 508 
9 5 10/11/38 21 (R6-Ro) 72h .6 505 
10 2 10/20/37 32 (R6-R1) 1310.5 +508 
10 2 10/20/37 32 (R6-R3) 1653.7 -510 
10 1 10/25/37 32 (R6-R1) 1354.6 +508 
10 1 10/25/37 32 (R6-R3) 1704.8 -503 
nu 2 11/19/37 28 - 2653.7 2500 
ja 3 11/30/37 28 - 2614.2 505 
i 1 12/1/37 28 - 2628 .4 2503 
12 4 1/28/38 37 - 1709.7 481 
Note 1. Sum of three deflections. (Ri-Ro) + (Xe-Re) + (X1-Ro) 
Note 2. Function of four deflections. 2(X1+X2 +R, +Y¥y - Qj - 2p) 


metic average of all values shown is 0.511. While the theoretical 
value of the exponent is probably 0.5, in many cases the char- 
acter of the flow in the vicinity of the taps or the condition of the 
tap equipment may be such as to cause the value of the exponent 
to depart slightly from the theoretical value. Attention is par- 
ticularly called to the values of a for unit 8 of plant No. 9 where 
the test on one set of taps showed a value of 0.508 and the same 
test on another set showed a value of 0.476. 


I. A. WrnterR.1® The writer has had occasion to check the 
performance of type 2 and type 3 flowmeters, and finds that 
both instruments are capable of a high degree of accuracy and 
reliability with, apparently, the advantages of integration 
slightly in favor of the type 3 meter and the advantages of 
indication and servicing slightly in favor of the type 2 meter. 
That part of the paper which the writer is best qualified to dis- 


6 Senior Engineer, United States Bureau of Reclamation, Denver, 
Colo. 
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cuss is the performance of the prime mover or the differential 
pressure taps, located on opposite sides of the turbine scroll 
case, of which considerable data have been accumulated.1* 

The Winter-Kennedy piezometer system, shown in Fig. 1 
of the paper, depends upon the effect of centrifugal force of the 
water as it flows about the vertical axis of the unit, and therefore 
registers as a function of the flow past the piezometer section only 
and is not affected by the coefficient of friction of the walls of the 
conduit, the angle of the turbine gates, or the head on the power 
plant. Whenever possible, pertinent data relating to the per- 
formance of the taps, with respect to these factors, have been 
obtained and it may be said that the results have been highly 
satisfactory. 

An example of the comparison of performance of the prime 
mover and the type 2 meter is illustrated in Fig. 18 and Table 5 


16 Ref. (2) of paper. 


TABLE 5 PERFORMANCE OF DIFFERENTIAL-PRESSURE TAPS 
AND FLOWMETER UNDER VARYING HEAD 


d Re- Q At 
duced 524-ft 
to head 
Servo- dIn 453-ft d From deter- Q By 
motor- mercury head eurve mined flow- Depar- 
piston at by for by meter ture 
stroke, 524-ft Equation  453-ft manome- dial, per 
in. head 12]16 head ter type 2 cent 
0.00 0.00 ars * sere ai 
2 Nee 0.55 0.48 0.46 330 335 +1.5 
3.08 1.19 1.03 0.99 485 480 —1.7 
3.97 2.15 1.86 1.85 640 636 —0.7 
4.86 3.36 2.91 2.91 775 790 +1.8 
Sisk 5.08 4.40 4.40 935 940 +0.5 
6.67 6.56 5.68 5.83 1070 1082 +1.2 
7.33 7.85 6.79 6.98 1165 1175 +0.8 
8.02 9.15 7.92 8.23 1255 
8.87 10.68 9.24 9.60 1350 
8.45 10.20 8.82 8.95 Saye 
7.56 8.36 To23 7.41 ae 
6.67 6.73 5.82 5.83 1080 
5.98 5.40 4.67 4.67 970 
5.31 4.26 3.69 3.69 865 
4.42 2.75 2.38 2.38 710 
3.53 1.74 Te5L 1.35 580 
2.26 0.88 0.76 0.50 425 
0.00 0.00 te 2 sieve 
No readings taken 
Norse: The original calibration of the flowmeter taps was made October 


15, 1937, at a gross head on the plant of 453 ft. The meter register was 
calibrated to agree with these data. The check test by the index method 
was made on December 27, 1939, and the head on the plant at that time had 
increased to 524 ft. 
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Fig. 19 ComparIsON OF FLOWMETER PERFORMANCE FOR IDENTICAL TURBINE-SCROLL CASES 


TABLE 6 FLOWMETER CON a AND DEVIATIONS FOR 
5G) 


Constant ¢ in Deviation from 
é equation average c = 972 for 
Unit Q = cds 6 units, per cent 
Nl 988 41.6 
N2 953 —2.0 
N3 986 +1.4 
N4 968 —0.4 
A6 976 +0.4 
A7 962 —1.0 


of this discussion, showing the relation of turbine-servomotor- 
piston travel to differential deflection in inches of mercury, as 
observed on differential-pressure taps, installed in unit A-8 at 
the Boulder power plant. The curve for gross head of 453 ft 
was determined by Mr. Gibson, using the time-pressure method 
of water measurement. The curve, designated as 535-ft gross 
head, represents comparable measurements when reduced to a 
common head of 453 ft in accordance with Equations {11] and 
(12],! stating that the deflection readings may be reduced to a 
common head directly as the ratio of the common to test heads 
or H, to H;. This curve shows very good agreement between 
the original calibration made in 1937 and the check test made in 
1939. The maximum deviation of these curves is about 2 per 
cent, which is to be expected, since there is a change in the coef- 
ficient of discharge of the turbine, due to the constant speed of the 
runner under varying heads and, also, there is a change in the 
coefficient of discharge of the turbines in the opposite direction, 
due to the roughness of the turbine orifices increasing in the two- 
year period between tests, thereby lowering the coefficient of 
discharge. The index test at 535-ft head included readings of the 
flowmeter dial, for comparison with the observed quantities 
determined by the manometer readings shown in Table 5. This 
table shows the maximum deviation between the flowmeter dial 
and the manometer reading to be plus 11/2 per cent and the aver- 
age throughout the range of the curve is less than 1 per cent. 
This would appear to be a satisfactory performance of the meter 
after two years of continuous operation and without special ad- 
justment for the tests. 

Fig. 19 of this discussion is of special interest in comparison of 
the discharge-differential-pressure relation as obtained on units 
of the same design. This figure shows results of calibration made 
on six units with identical scroll cases at the Boulder power plant, 
each developing in excess of 115,000 hp, when operating at a 


head of 475 ft or higher. Three sets of flowmeter taps were 
calibrated by the time-pressure method of water measurement 
(Gibson tests), and three sets were calibrated by the index 
method, using one unit tested by Mr. Gibson as a basis and as- 
suming the other units to have the same coefficient of discharge. 

It is not to be expected that the performance of the taps for 
similar units will be in better agreement than the data shown in 
Fig. 19, due to the lack of exact cross-sectional area of the casings 
at the metering section, and the lack of similarity of the runner 
and turbine gates which affects the coefficient of discharge at 
different points around the turbine speed ring. It is also likely 
that the coefficient of discharge may vary as much as 5 per cent 
for similar turbines, due to differences in orifice areas in the 
runner, inherent with the difficulties of producing large steel 
castings. The change in discharge of the unit due to a change 
in the controlling-turbine areas may be accounted for by making 
precise calibrations of the runner, in order to apply the proper 
correction factor because of the lack of similarity when extra- 
polating test data from similar units. 

A study of accumulated data for various tests of turbine-flow- 
meter installations indicates that exponent a of 0.5 gives more 
consistent results than exponents determined by other flow 
means. This is in agreement with the author’s conclusion, 
based upon the study of results obtained by means of precise 
current-meter measurements. With these data as precedent, it is 
recommended that exponent a, used in the flowmeter calibra- 
tions, be accepted as 0.5 and the constant for each individual 
run be determined on this basis with the general equation for 
the entire range of flow determined by means of weighted aver- 
ages so that the greater degree of accuracy obtained for the 
higher water measurements may be given full weight in the final 
equation. The data given in Fig. 19 are determined upon this 
basis. 


AutTHor’s CLOSURE 


In making more pertinent data available, the various contribu- 
tions to the discussion constitute a valuable addition to the 
paper. Mr. Borden’s comments confirm the conclusions regard- 
ing the type 2 meter, as the amplitudes of the sinusoidal-error 
curves for the two meters of this type investigated are of the 
same magnitude as for the meter mentioned by Mr. Borden. 
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While the amplitude for one of the type 2 meters was found to 
be (0.63 + 0.38) or 1.01 per cent, that of the other was (1.39 + 
0.82) or 2.21 per cent. Based on the 90-min test period and read- 
ings at 5-see intervals, Mr. Borden’s meter, of the same type 
picked at random, apparently has an error amplitude of at least 
(0.8 + 0.9) or 1.7 per cent. 

Regarding Mr. Bristol’s contribution, it may be pointed out 
that the type 1 meter may also lend itself to efficiency-indicating- 
and-recording apparatus, as the electrical impulses obtained from 
the mercoid switches limiting the swing of the drum, Fig. 20 of 
this closure, could be used for the positioning of slide-wire ele- 


ments. At the same time, it should not be lost sight of that 
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load-limit indications, based upon hydraulic input or efficiency- 
indicating-and-recording apparatus, are not the only two alter- 
natives to improve operating efficiencies. Alarm devices, similar 
in principle, may be based upon power output rather than upon 
hydraulic input and, if need be, with manual or automatic ad- 
justment for head. Still other alarm devices may take advantage 
of gate opening using the stroke of the servomotor piston of the 
gate mechanism as a primary element. 

Mr. Nagler touches upon a subject of wide interest. For many 
years there have been two schools of thought. One of these ad- 
vocates that only vital machinery together with the very mini- 
mum of auxiliary equipment be installed with the intent of sim- 
plifying operation and keeping the investment as small as possible 
without impeding service. Those adhering to this point of view 
usually claim that many of the more modern power stations are 
over-equipped with auxiliary instruments and apparatus of all 
sorts, complicating operation unnecessarily. The second school 
and no doubt the more progressive one believes that the omission 
of certain apparatus is false economy and that auxiliary instru- 
ments are justified, provided they either pay their own way 
through increased generation or by making data available which 
may ultimately lead to improved service through furnishing the 
basis for performance investigations and thus contribute to an 
advancement in the art. It is thought, however, that no single 


TRANSACTIONS OF THE A.S.M.E. 


JULY, 1941 


policy may be advocated as, depending upon local conditions, 
either course may be well justified. 

Mr. Roberts very aptly points out that the metered turbine 
discharge will be invariably larger than the discharge determined 
indirectly, based upon output. Since this difference is inherent 
with the convex shape of unit-efficiency curves, it seems rather 
puzzling why any operator should object to metering. 

Regarding Mr. Scoville’s discussion, it is believed that the 
best speed-ring design is very likely also the most favorable to 
the installation of Peck piezometers. The most advantageous 
shape of the stay vanes necessarily is such that it produces no 
vortexes which would adversely affect the turbine efficiency. It 
is under these ideal conditions, free of vortexes, that piezometers, 
in this case those of the Peck type, are most reliable. 

Index testing was not particularly stressed as it had been dis- 
cussed in detail in a previous paper‘ to which reference was made 
in this paper. However, a calibration of the piezometers by 
means of a quantitative water-gaging method, suitable to local 
conditions, is thought to be essential for a complete field test. 
Exclusive reliance on a step-up formula from laboratory results 
is as yet not feasible if a high degree of accuracy is desired for 
input data obtained by means of piezometers. With duplicate 
units of identical manufacture, the piezometer calibrations of at 
least one unit should be obtained by means of absolute water 
measurements, with the taps of the other units to be calibrated 
indirectly by assuming the efficiencies of both to be alike. 

The question raised by Mr. Strowger for a possible adjustment 
on the type 3 meter for exponents differing by a small amount 
from 0.5 has been answered by Mr. Bristol. An adjustment is 
possible on the flyball system. 

The statement made by Mr. Winter, regarding the perform- 
ance of type 2 and type 3 flowmeters is interesting, particu- 
larly so because our experience has been different in that the 
type 3 meter was found to be not only more accurate but, at the 
same time, needed considerably less servicing than the type 2 
meter. 

In view of the conclusions reached with respect to the magni- 
tude of the exponent, the additional piezometer-calibration data 
made available by Messrs. Roberts, Strowger, and Winter are of 
utmost importance. It is believed, however, that equal weight 
should not be given to each individual piezometer calibration 
cited. While some of the calibrations were obtained by means 
of graphic procedures, others were arrived at by means of ana- 
lytical computations, using the method of least squares. Only 
the latter method is thought to be sufficiently accurate to war- 
rant serious consideration, if a high degree of accuracy is desired. 
At the same time, the calibration method employed must be 
given some weight, together with the number of test points, 
magnitude of test-point dispersion inherent in the various ab- 
solute water-measuring methods, as well as local conditions. In 
this connection, attention may be drawn to the remarkable con- 
sistency of the results obtained with the water-gaging method 
employed at Safe Harbor, as it compares most favorably with 
that of any other method known at this time. Whether or not 
the exponent is actually 0.5 or a value very close to it may de- 
pend to a certain extent upon local conditions but there seems 
to be an agreement that for practical purposes an exponent of 0.5 
may be entirely adequate in most cases from a metering point of 
view. 


Speed Regulation of Kaplan Turbines 


By J. D. SCOVILLE,! YORK, PA. 


In this paper hydraulic-turbine speed-regulation data 
are presented and compared with calculated performance. 
Field tests made at the Bonneville and Guntersville power 
plants are cited. The effect of air admission during load 
rejection is discussed. Runaway-speed tests in the field 
are compared with model data. 


HE problem of speed regulation has been the subject of 
{fase publications, although but meager field-test data 
have been presented for comparison with theoretical per- 
formance. It is the purpose of this paper to present the results of 
tests made on the adjustable-blade or Kaplan turbines at the 
Bonneville and the Guntersville hydroelectric plants, two recent 
power projects developed, respectively, by the United States War 
Department and by the Tennessee Valley Authority. 
Kaplan turbines require special consideration in the matter 
of speed-regulation studies for three reasons: 


1 The blades of the runner change pitch simultaneously with 
the movement of the gates for change of load. 

2 The runner must frequently be placed below tail water to 
prevent cavitation. 

3 The runaway speed is higher than that of other types of 
turbines. 


Obviously, if the machine remains connected to a large system 
after a load change, the frequency variation cannot be calculated, 
since the flywheel effect of all the connected rotating machinery 
is one of the determining factors and is unknown. Consequently, 
when load is rejected from or imposed on a hydroelectric unit, 
its regulation must be calculated either on the basis of being con- 
nected with rotating machinery of limited extent and of known 
characteristics or on the basis of an isolated generator, operating 
on a load with no contributing WR? effect. The tests to be de- 
scribed were made in such a way that only the WR? of the rotat- 
ing elements of the unit itself affected the regulation. When the 
load of a hydrogenerator is changed, the speed change depends 
upon the mechanical characteristics and condition of the gover- 
nor, the flywheel effect of the turbine and generator, the hydraulic 
conditions at the plant, and certain hydraulic characteristics of 
the turbine itself. 


CALCULATING SPEED Drop 
The speed drop for a sudden increment of load on a unit is 


_ 81,000,000 x HP x T 
aise WR x N2 


where S,; = speed drop, per cent 
HP = load change 
ft = time of gate movement, sec 
WR? = flywheel effect of rotating elements, lb-ft? 
N = normal speed of unit 


The product of this formula is an approximation, since in it the 
assumption is made that the input to the generator, during the 


1 Assistant Chief Engineer, 8. Morgan Smith Company. Mem. 
A.S.M.E. 

Contributed by the Hydraulic Division and presented at the 
Annual Meeting, New York, N. Y., December 2-6, 1940, of TH 
American Socipty oF MecHaNniIcAL ENGINEERS. 

Norn: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


transition period, increases in a straight line. This is not quite 
true, but the error is not serious. 


Sa 
1+84/(N, —1) 


S, = 


where S, = speed rise for same load as given, rejected, and with 
the same time of gate movement 
N, = runaway speed expressed in relation to normal speed 


If the turbine is operating in an open flume, the regulation cal- 
culated from the foregoing formulas will apply. If there is a 
closed channel or penstock leading to the wheel, pressure changes 
will occur during the gate movement and the speed rise or drop 
will be increased. The average pressure change during the load 
change should be used. 


Sa 
So = SS Se 
im (TE tAr 
and Si. = Sls AH)? 
where 8’, = speed drop, corrected for pressure drop 


gt 
AH = 


speed rise, corrected for pressure rise 
average pressure drop, or rise as the case may be, 
expressed as a decimal 


The maximum pressure change can be obtained (1)? by the 
use of the Allievi charts or other methods. This maximum pres- 
sure rise should be used in the design of penstock and casing, but 
for the purpose of correcting speed regulation, the average pres- 
sure rise should be used. Hence, 7 is the total time of gate move- 
ment when applied to the Allievi charts. The actual change in 
discharge should, of course, be used to compute the change in 
velocity. The momentum formula is also applicable in obtaining 
the average pressure rise, where 


LV 
TGHo 


For partial load changes the time of gate movement will not 
be in proportion. There is a “dead time” which includes the time 
to transmit the speed change from the flyballs to the pilot valve, 
to the relay valve, to the gate servomotor and, in the case of the 
Kaplan, to the blade servomotor, also to accelerate the oil in 
the piping and the mass of the gate mechanism. This should not 
be confused with the sensitivity of the governor. Table 1 shows 
approximately how the governor time varies with load. 


AH = 


TABLE 1 VARIATION OF GOVERNOR TIME WITH LOAD 
Gate , 

per cent fa Governor time, s60—— 

100 1.5 2.0 3.0 4. 6.0 8.0 

75 1.35 aie 2.5 3.2 4.7 6.2 

50 1.2 1.5 1.9 2.4 3.4 4.4 

25 1.05 eZ 1.4 irs 2.2 2.7 

10 0.95 1.0 ey 1.2 1.4 1.6 


It is recognized that the formulas given are approximate. If 
a more exact method of computation is desired, the step-by-step 
method of computation may be used, in which the energy transfer 
between the water column and the runner is considered during 
short intervals of time during the load change. In using this 
method account must be taken of the relationship between the 
blade and gate movements and also of the lag of the blades, caused 
by the necessity of accelerating the blade mechanism and the oil 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Fic. 1 Cross Section THroucH Station Service Unit, BONNEVILLE PROJECT 


in the piping. For a detailed discussion of this method, reference 
is made to a paper (2) by Strowger and Kerr. 


APPLICATION OF Mrruop To BONNEVILLE TURBINES 


The formulas and data have been applied to the Bonneville 
turbines and compared with field-test data obtained during the 
initial period of operation. These tests were made by the turbine 
manufacturer in cooperation with the United States Army Engi- 
neers, by whom this project was built. At that time, 1938, there 
were two Kaplan turbines of 66,000-hp capacity, driving 48,000- 
kva generators and one 5000-hp Kaplan wheel connected to a 
4000-kw generator. A cross section through the station-service 
unit is shown in Fig. 1. The main turbines are the highest pow- 
ered Kaplan wheels in the world and operate under a maximum 
head of 69 ft. For this reason, a substantial submergence was 
necessary to prevent cavitation. Fig. 2 is a cross section through 
the powerhouse, which shows the intake, turbine, and draft 
tube. 


WartrR Ruxostat Usep to Loap GENERATOR 


During the early operating period, the transmission lines were 
not completed so that, in order to load the generators, it was 
necessary to build a water rheostat capable of absorbing about 
50,000 kw (3). With this apparatus, both load-on and load-off 
tests could be made without the introduction of any flywheel 
effect other than that of the,machine itself. 


PROCEDURE FOR TESTING 


The station-service unit was tested first. The blades of this 
runner can only be adjusted with the machine shut down. There- 
fore, tests of speed rise and drop were made at several blade 
positions. The blades were adjusted to a given position, the gen- 
erator loaded to a predetermined output, and then the circuit 
breaker was tripped. The speed rise was recorded by a Horne 
tachograph which was connected electrically to the generator 
through a transformer and which, by means of a flyball-operated 
pen, recorded the variation of speed during the transition period. 
A recording Bristol pressure gage was attached to the penstock 
adjacent to the turbine scroll to obtain the pressure change during 
the gate movement. 

After a load-rejection test was made and the data obtained, 
the machine was again brought up to normal speed and voltage, 
and the circuit breaker closed. Since the rheostat was in the 
same position, instantaneous load-on regulation data were thus 
obtained from the Horne tachograph and the Bristol pressure 
gage. Altogether 34 load rejections and additions were made, at 
five blade settings and several gate openings each. Fig. 3 sum- 
marizes the data. It will be noted that while the computed speed 
rise checks fairly well with the test results, the speed drop from 
test is substantially less than the computed value. In this con- 
nection, it should be noted that, when some load less than the 
maximum turbine output is imposed, the gates by overtraveling 
make available more power input to the generator to prevent 
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speed drop; hence, the calculated value is on the safe side for 
all loads except for the maximum at each blade setting. Of course, 
it must also be realized that the mechanical condition of the gov- 
ernor has considerable bearing on the actual speed change. It 
should again be pointed out that, since the service-unit runner 
had manually adjustable blades, the tests cited were, in effect, on 
a fixed-blade runner at several angles. 


Tests on Main UNitTs 


The main units are completely automatic Kaplans, that is, 
the blades move with the gates, taking predetermined positions 
for each gate opening. Tests were made on both of these units 
in the same manner as on the service unit, using the Horne tacho- 
graph and the Bristol recording pressure gage to obtain the neces- 
sary data. The water rheostat provided the load and was quite 
satisfactory except that, due to its location in the forebay, surges 
set up by the larger sudden load-on conditions caused severe 
power swings. More than 32,000 hp could not be taken on for 
this reason. Up to 60,000 hp, load rejections were made with no 


trouble, since the surges occurred after the rheostat was separated 
from the line. 

Fig. 4 shows the test results compared with the computed 
speed change and indicates fairly close agreement. The load-on 
regulation is relatively not quite so good as for the service unit. 
This can be explained by the fact that the blades do not move 
quite as rapidly as the gates and by the dead time in starting 
them. They are in the flat position before load is imposed and 
must open before any substantial amount of power can be de- 
veloped. The blades of the service unit were open and ready to 
assume load. 

It was found that, for large load rejections, the governor did 
not again come to rest without several oscillations. Fig. 6 il- 
lustrates this on unit No. 1, showing the record of speed change 
versus time taken by the Horne tachograph. As a matter of 
fact, the unit at first got completely out of governor control and 
the gates oscillated over their entire range and had to be stopped 
with the hand load limit. The reason for this is probably as fol- 
lows: Since the runner is considerably submerged, after the gates 
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are closed, the runner operates as an axial-flow pump against a 
shutoff head equal to the barometric pressure plus the submer- 
gence. It attempts to pump the water between the runner and 
gates downward, and absorbs a large amount of power in doing 
so. This causes a rapid deceleration in speed, which requires a 
large gate movement and initiates hunting of the governor. 
This condition was much improved by the installation of a low- 
gate-limit stop which prevented the gates closing below the 
speed-no-load position when load was rejected, thus preventing 
the speed from reaching an excessively low value. 

A slow closure at the end of the servomotor stroke aids the 
situation, if it is so designed as to permit the rapid opening of 
the gates the instant the governor so requires. . 

The introduction of air into the space between the runner and 
the gates destroys the vacuum there and reduces the braking 
effect on the runner so that the deceleration after the gates are 
closed is not so rapid. 


Trsts av GUNTERSVILLE PLANT 


The foregoing was illustrated during tests on the turbines in 
the Guntersville plant of the Tennessee Valley Authority. These 
are Kaplan wheels of 42,000-hp capacity under 42-ft head at 
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69.2 rpm, driving 30,000-kva generators. Fig. 5 shows a section 
through one of the units in this plant. 

As there was no water rheostat available, only load-rejection 
tests were made. The speed rise during load rejection was 
measured by the same Horne tachograph as was used at Bonne- 
ville. A Bristol recording pressure-vacuum gage was attached to 
the turbine top plate at A, Fig. 7. A spring-loaded air valve is 
connected at about the same elevation and so arranged that, when 
the vacuum under the top plate reaches a predetermined value, 
the valve opens and admits atmospheric air. 

Fig. 8 shows the variation in pressure under the top plate at 
A on unit No. 3 during load rejections of from 7000 to 27,000 kw. 
It is shown here that, at the higher load rejections, a vacuum 
of 26 in. of mercury was reached during closure of the gates but 
that, by the admission of air, it quickly dropped to about 8 in. 

A second load rejection of 27,000 kw was made on this unit, 
with the air valve closed, the effect being shown in Fig. 9. The 
vacuum reached 30 in. of mercury and then slowly dropped to a 
fluctuating value of 16 to 20 in., after an intermediate sharp 
drop to 8 in. It is this rapid change in vacuum which sometimes 
causes the rotating element to jump from the thrust bearing. The 
admission of air reduces this tendency considerably. 
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The speed-time charts from the tachograph are shown in Fig. 
10, the first four diagrams being for load rejections with the air 
valve in normal operation and the fifth curve for load rejection 
with the air valve closed. It will be noticed that the oscillation 
of speed below and above normal, after closure, is substantially 
less with the admission of air. 

Fig. 11 is given as an example of normal speed regulation. 
This is a small unit not comparable in size with either Bonneville 
or Guntersville but shows the type of speed-time curves which are 
desirable. These are about the character of curves which would 
be obtained on a Francis turbine during load rejections. 

In the event of governor failure, when the gates are wide open 
and, if for some reason, they remain in that position after the 
load has been tripped off, runaway speeds can be reached. 
Maximum speed occurs if the gates are wide open and the blades 
about half open. This is an abnormal condition, as the blades 
should be in the steep position at full gate. Under the latter 
condition, the overspeed is much reduced. The maximum speed 
which can be reached occurs at some intermediate gate-and-blade 
position and is about 85 per cent of the value of full-gate—half- 
blade position. 

Overspeed tests were made on both turbines at Bonneville and 
the results checked within, 1 per cent and 5 per cent, the predicted 
values from model tests. It was found from these tests that run- 
away speed is affected by plant o, where 


Barometer — (+4H,) 
eae 


H 
in which 
H, = suction head on runner; minus if runner is below tail 
water, and plus if above 
H = head operating on turbine 


During the runaway-speed tests in the field, it was noticed that 
there was a large opening tendency of the blades. This is a de- 
sirable feature since, at large blade angles, the overspeed is still 
further reduced. 


CONCLUSIONS 


The problem of speed regulation of large Kaplan turbines in- 
volves careful consideration of a number of factors which are not 
of particular concern in the ordinary Francis turbine. It is 
hoped that this paper has illustrated some of these and that more 
information will become available, as it is of interest not only 
to turbine and governor manufacturers but also to plant oper- 
ators. 
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Discussion 


J. M. Movusson.* This paper deals almost exclusively with 
load rejection. Although this phase of speed control is by no 
means the most important, it is perhaps the most spectacular. 
A great deal is claimed for air admission and yet, in the light of 
the data presented, there could perhaps be some doubt as to the 
effectiveness of air. Apparently, the author’s case rests on a 
comparison between the two tests made with and without air ad- 
mission at one 42,000-hp turbine of the Guntersville develop- 
ment under load rejection of 27,000 kw and shown in Fig. 10 of 
the paper. Based on these data alone, not much can be said in 
favor of air admission. While a3 per cent gain in speed minimum 
may be observed with air, the speed maxima as well as the num- 
ber of speed oscillations are identical in both tests. 

Believing in the beneficial effect of air and to support the 
author’s conclusion, some data obtained with an oscillograph on 
No. 3 unit at Safe Harbor in 1934 are presented. This turbine 
is rated at 42,500 hp under a head of 55 ft and operating at 109.1 
rpm. 

A comparison of the first two graphs in Fig. 12 of this dis- 
cussion shows that, whereas, a load rejection of 18,000 kw with- 
out air injection produced 3 distinct cycles of speed oscillation, 
only 11/2 eycles could be noted with air admission. This is in- 
deed a striking example of the benefit of air injection, as it ac- 
complished a 50 per cent reduction in speed oscillation and an 
almost equal reduction in time required to obtain speed equilib- 
rium. 

From a comparison of governor performance at Bonneville 
and Guntersville presented in Figs. 6 and 10 of the paper, re- 
spectively, it is evident that there must be either a fundamental 
difference in the governor design or in hydraulic conditions. 
Does the author attribute the improved performance at Gunters- 
ville to the gate-limit stop mentioned by him which prevents the 
gates from closing below speed-no-load position, together with 
provisions for a slow closure at the end of the servomotor stroke, 
so designed as to permit the rapid opening of the gates, if re- 
quired by the governor? 

While air injection did show very beneficial results at Safe 
Harbor, equally satisfactory governor-performance improvement 
was obtained with a cam mechanism installed on the governor of 


3 Hydraulic Engineer, Safe Harbor Water Power Corporation, 
Baltimore, Md. Mem. A.S.M.E. 
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Fig. 13 Ssare or Cam TO PREVENT HUNTING 


Fic. 14. Cam Mountep on ComPENSATING CRANK OF Sare HARBOR 
GOVERNOR 


unit No. 3, introducing a large speed drop for the light-load 
range. The third graph in Fig. 12 shows the speed oscillation 
obtained with this device under load rejection of 17,000 kw. 
This cam device is mounted on the compensating crank, Figs. 
13 and 14 of this discussion, in such a manner as to contact with 
the equalizing mechanism at a gate opening of 15 per cent on the 
closing stroke, eausing an upward push on the speed rod and 
opening the pilot valve in the direction to open the gates. While 
the gates are still rapidly moving in the closing direction, forces 
are thus set up in the governor system opposing the closing mo- 
tion, resulting in a dissipation of stored kinetic energy in the 
moving mass by the time the gates reach zero opening. The 
gates at once assume speed-no-load position with no further os- 
eillation. In effect the eam increases the inherent speed drop 
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from approximately 2.5 per cent to approximately 10 per cent 
below 15 per cent gate. 

After the tests on unit No. 3, all of the governors at Safe Har- 
bor were equipped with a cam of this type. Subsequent experi- 
ence in operation has fully justified their installation. It is be- 
lieved that, while the method of air injection is satisfactory, its 
application as a continued feature to operation is not economical, 
due to the large reserve of compressed air required for emergency. 
The use of a cam mechanism or some other mechanical feature 
accomplishing the same results as described is preferable. 


F. Nacrer.! The type of comparisons made by the author 
are not encountered as frequently as they should be for the good 
of the hydroelectric-power field. These comparisons form an 
excellent answer to the criticism that the basic speed-change 
formula, given at the beginning of the paper, is only approxi- 
mate. It is very definitely, however, a workable approximation, 
certainly as accurate as necessary for the purpose in question. 

Three of the four variables in that formula, that is, WR? X 
N2, divided by HP, are constant for any particular unit and 
regulation depends principally upon them. It is, ordinarily, 
much simpler to speak of them as the regulating constant, since 
they represent the ability of a unit to regulate the speed. Ex- 
pressed in the inverted form immediately preceding, they ordi- 
narily vary between 5,000,000 and 10,000,000. It is of special 
interest that certain sizes and speed ranges of units must have 
additional flywheel effect added to the generator to raise this 
regulating constant to a feasible figure, whereas, other types, 
particularly in the high-speed and large-capacity ranges, in- 
herently possess a regulating constant sometimes larger than is 
necessary. This is dictated by generator design. 

Putting this regulating constant in the denominator of the 
author’s basic speed-drop formula leaves the speed regula- 
tion dependent upon the governor time T. Modern governor 
euarantees mean little or nothing beyond the statement that, if 
the regulating constant is a certain amount, if the unit is dis- 
connected from the load, and if a certain governor time is used, 
certain figures, which have practically nothing to do with the 
regulation of a system, can be computed. 

Usually, the governor time, 7’, ranges somewhere between 2 
see and 10 sec. Most governors are purchased on the basis that 
they will close the gates in from 2 to 4 sec. Some of the largest 
operating companies, thereafter, normally adjust all of their 
governors so that they cannot close in a shorter time than 7 or 8 
sec. Here we have a situation carried over from the days of 
isolated units, entirely comparable with insisting on a whip 
socket on the automobile dashboard. Bids may be compared on 
the basis of a few per cent difference in speed-change guarantees 
in the face of the realization, should thought be given to it, that 
these figures will probably be doubled in actual operation and 
probably with definite improvement to the system frequency. 

The writer would suggest that, in the future, consideration be 
given to a simple statement of the regulating constant as an in- 
dication of the influence of the unit on system regulation and a 
statement of the guaranteed minimum governor time as an indi- 
cation of the governor capacity. The absurdity of present-day 
governor guarantees will be somewhat reduced thereby. 

Referring to the formula for average pressure rise immedi- 
ately preceding Table 1, a somewhat closer approximation of the 
pressure rise and pressure drop, through the ranges usually ex- 
perienced in practice, is obtained by adding 10 per cent to AH 
for pressure rises and subtracting 10 per cent from AH for pres- 
sure drops. This brings the approximate formula fairly closely 
in line with Allievi. 


4Chief Engineer, Canadian Allis-Chalmers, Ltd., Toronto, 
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It is significant that the author’s charts of speed regulation 
show no results with load thrown on. This is logical because, in 
actual plant operation, except in connection with isolated units, 
as on a mining load, it is seldom that a unit ever has to meet 
sudden large increases in load. It is of interest that the author 
made tests with the load thrown on. The writer has used a 
water rheostat similarly, but was rather intrigued with the fact 
that, whereas, a load of, say 20,000 kw could be dropped in- 
stantly by pulling a switch, the same load was not picked up if 
the switch was immediately reclosed. There seemed to be a 
definite lag in the ability of the water rheostat to pick up the 
load it had just dropped. It would be of interest to have the 
author’s comments on whether he observed any similar action in 
connection with load thrown on. 

In conclusion, the writer would again emphasize the desirability 
of some change in the attitude of both purchasers and manu- 
facturers in making governor guarantees. The formulas pre- 
sented by the author have served their purpose for about 30 
years, during which time probably 90 per cent of our turbine- 
horsepower capacity has become connected to the larger systems. 
Those systems operate the year round with 1 or 2 per cent maxi- 
mum speed change. The units cannot receive large increases 
in load and, if they lose their load, they are disconnected from 
the system and have no influence on it. It may logically be 
concluded, therefore, that governor guarantees up to 25 or 30 
per cent speed change are a clumsy attempt to effect a set of regu- 
lating conditions which may be much more simply and accu- 
rately expressed by regulating constant and governor time. Pro- 
gressive purchasers are already looking at these basic figures, 
and greater progress would probably be made in the hydraulic- 
turbine field if more attention were directed toward them rather 
than to outmoded and academic speed-regulation tables. 


J. F. Rosrrrs.6 This paper covers quite fully the various 
factors which must be coordinated in order to obtain satisfactory 
regulation of Kaplan-type turbines. In the case of the Gunters- 
ville turbines of the Tennessee Valley Authority with which the 
writer was particularly interested, it was possible to vary both 
the rate of movement of the runner blades and of the wicket 
gates, and, thus, in the field, determine that combination which 
would result in the most satisfactory combination. 

As finally adjusted, the wicket gates were set to open and close 
in from 8 to 10 sec with the runner blades opening in about 8 sec, 
but requiring about 40 see to close. While faster operation of 
the wicket gates is possible, it was found that on such a large 
system the frequency of the system varies slowly even for a sud- 
den loss of 30,000 kw. More rapid operation of the wicket gates 
imposes heavy loads and shocks on the wicket-gate mechanism 
without apparent improvement to the system-speed regulation. 
It also causes greater pressure variations, particularly in the 
draft-tube water column which, while possibly not dangerous to 
the structures, are unpleasant and, in this case, apparently un- 
necessary. 

It is interesting to note that the author’s tests demonstrated 
it to be almost impossible to obtain a flat blade angle of the run- 
ner at full wicket-gate opening and runaway speed. This means 
that on future projects it may be possible to make an appreciable 
saving in generator costs, since generators designed for full gate 
and flat-blade runaway must be designed for about 270 per cent 
of normal speed, as compared with about 200 per cent speed for 
full gate and steep pitch on the runner blades. 


E. B. Srrowcer.® The author has presented test data on the 


§ Principal Mechanical Engineer, 
Knoxville, Tenn. Mem. A.S.M.E. 

6 Hydraulic Engineer, The, Niagara Falls Power 
Buffalo, N. Y. Mem. A.S.M.E. 
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speed regulation of Kaplan turbines which are of value to hy- 
draulic engineers engaged in water-power development, since 
but little if any such data have been published in the technical 
press to date. His approach has been through an approximate 
equation for reasons stated in the paper. In discussing the 
matter, he has referred to a paper (2) by 8. L. Kerr and the writer, 
dealing with the step-by-step method of computing speed rise or 
speed drop for sudden load changes, in which a rational approach 
has been attempted and in which application of this method has 
been made to Francis turbines with good results. The writer 
therefore wishes to discuss the possibility of the application of 
this step-by-step method to Kaplan turbines. 

Let us first consider a few simple but fundamental relation- 
ships. Referring to Fig. 15 of this discussion, assume an isolated 
unit operating on a load with little or no connected Wr? so that 
the only steadying influence on the speed would be the flywheel 
effect of the generator rotor. Suppose a load change takes place, 
as shqwn in Fig. 15 (a), the load dropping from A to B, and let us 
assume that the length of penstock and of draft tube is negligibly 
small. The turbine load then decreases approximately as a 
straight line with respect to time, as the governor closes the tur- 
bine gates to the new position of load demand. In this case, the 
excess rate of energy transfer from the penstock to the turbine 
above that demanded is gradually decreased as the governor 
moves the gates toward the new position and a rise in speed of 
the rotating parts takes place. This rise in speed actually makes 
the gates overtravel so that for a short time a deficiency of energy 
is transmitted to the rotating parts, followed by another small 
amount of excess energy, after which the travel of the gates has 
become damped to the extent that equality is again established 
between rate of energy supply and rate of energy demand. 

In the case assumed, i.e., with the unit operating on an iso- 
lated load having no Wr?, the excess energy produced in the pen- 
stock must be balanced by the deficiency of energy, before the 
initial speed is re-established. It should be noted that, if no 
governor adjustment is made, the speed of the unit will not re- 
turn exactly to its initial value, but the final value of speed will 
be slightly higher, depending upon the load dropped and the in- 


SCOVILLE—SPEED REGULATION OF KAPLAN TURBINES 


herent speed-drop setting of the governor. This can also be seen 
in Figs. 6, 10, and 11 of the paper. The speed rises to a maximum 
value at the end of time 7, as shown in Fig. 15 of this discussion. 


_ This maximum is not reduced by the subsequent overtravel ‘of 


the gates either for loads off or for loads on. The overtravel, 
however, brings the speed back approximately to the normal 
value, after the maximum speed is reached faster than would be 
the case with no overtravel. 

Fig. 15 (0) shows a similar load change with the introduction 


- 9 ithe element of governor dead time, and indicates that dead 


time increases the excess energy which must be absorbed by the 
rotating parts and, therefore, results in a greater change in speed. 

Now, passing to the usual installation where a physical length 
of penstock and draft tube must be considered, as illustrated in 
Fig. 15 (c), the rate of change in energy transfer from runner to 
rotating parts is not uniform and, consequently, the turbine 
load plotted with respect to time is not a straight line. In fact, 
the power produced by the turbine actually rises at the begin- 
ning of gate movement and then decreases as shown. That part 
of the excess energy shown double-hatched in Fig. 15 (c) is caused 


Water hammer energy 


Energy during gate closure 


P- horsepower 


Total energy=550/P dt 
0 


Fie. 16 Same Diagram as Fia. 15 (c), Excerr GoverRNoR DEAD 
True Is ConstDERED TO Br ZERO 


by the water hammer, produced in the penstock and draft tube, 
due to the destruction of velocity, and may be a rather large per- 
centage of the total excess which must be absorbed. The speed 
of the isolated unit changes, as shown on the diagram. 

Now let us consider Fig. 16 of this discussion, which presents 
the same diagram as shown in Fig. 15 (c) except that the governor 
dead time is considered to be zero. The energy absorbed by a 
rotating mass in changing the speed from N, to Nz may be ex- 
pressed by 


2 
————s (N.? — N;?) 


The expression 550 fees Pdt represents the total energy delivered 
from the water column to the runner during the gate closure and 
may be equated with the foregoing expression, representing the 
energy absorbed by the rotor. If the resulting equation is then 
solved, we obtain the following expressions for percentage of 
speed rise and percentage of speed drop. 


: N2— Mi 
Speed rise, percent = ——~-_ X 100 
N, 
ig 
3,229,000 J Pat 
0 
= 100 1—1 1) 
Wr2 © Nx? 7 
Speed drop per cent 
S Ti 
3,229,000 AE Pdt 

2 . {2] 


LOO a 1 
Wr? ’ N;? 
It should be noted that these expressions contain the same 
variables as the first equation given by the author but that the 
expression is radically different in form. The question now 
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arises as to how to evaluate the integral in these equations. 
For turbines with appreciable length of penstock, the evaluation 
of this integral depends upon the water hammer produced, the 
relation between runner efficiency and gate opening, the relation 
between runner efficiency and speed, and the rate of gate motion. 

For open-flume settings and where the load varies in a straight 
line with respect to time, the integral may be closely approxi- 
mated in the case of Francis runners by 


sf 1 
off Pie Pe ee, | oe [3] 
F 2 


where HP = initial load in horsepower for speed rise and final 
load for speed drop 
Consequently, for open-flume settings, these relations become 
for Francis wheels 
ar | sea fs 


1,614,000 HP - T s 
Wr N2 Bee! 


1,614,000 HP - T 
Wr? - Ni 


Speed drop = 100 E ) 


In the case of Francis runners, the step-by-step method of 
calculation lends itself to the evaluation of this quantity, because 
the power input to the runner can be calculated for each small 
interval of time during the gate motion. However, for Kaplan 
turbines, as pointed out by the author, there may be a lag of the 
motion of the blades behind that of the gates, which changes the 
steady-state gate-opening-efficiency relationship and, conse- 
quently, the quantity considered cannot be evaluated for this 
type of turbine without determining the effect of the lag and 
other factors which influence the efficiency of energy transfer 
from the water column to the runner during the gate movement. 
Possibly this effect can be determined experimentally for a num- 
ber of Kaplan turbines and an average coefficient obtained. In 
the case of the Bonneville main unit, the writer attempted to do 
this for the full-load point on the curve of the author’s Fig. 4, 
and obtained the relation Wiss Pdt = 0.39 X HP-T. This 
showed, in the case of this particular Kaplan, that, even with 
some water-hammer energy present, less than 50 per cent of the 
energy represented by the product of HP and T was effective in 
speeding up the rotor during the load rejection. This means 
that the area under a straight-line curve of horsepower versus 
time represents too much energy transfer and shows the error, 
in one particular case, of the assumption made in deriving the 
approximate equation, i.e., a straight-line variation of these 
quantities during the transient. 

To compare a typical Francis speed-rise problem with that of 
the Kaplan turbine, the writer made some computations for a 
Francis turbine having about 690 ft of penstock and obtained 
the figure of 0.61 as the coefficient of the quantity (HP-T) in 
Equation [4]. This is of the right order because for an open- 
flume setting of a Francis turbine, it would be reasonable to ex- 
pect to obtain a coefficient of about 0.5. 

As a check on the rationality of the equations presented here, 
the writer determined the coefficient of the product (HP- 7’) in 
the case of the speed-drop problem of the Bonneville service 
unit shown by the author’s Fig. 3. A coefficient was determined 
by using the test data for a load of 5000 hp and then, since this 
unit had manually adjusted blades, the speed-drop points for 
75 per cent gate and 50 per cent gate were computed using this 
coefficient, but applying estimated values of power for the two 
gate positions. A curve of speed drop was obtained, which 
checked the experimental curve at the part-load points within 
about 2 per cent and the shape of the curve was thus much closer 
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to the test curve of Fig. 3 of the paper than that of the computed 
curve of Fig. 3. 

In conclusion it may be possible to apply the step-by-step 
method to Kaplan turbines by obtaining a graphic record of the 
movement of both the guide vanes and the runner blades during 
load changes and with the use of complete turbine characteristic 
curves, by evaluating the energy transfer from water column to 
rotor. As an alternative it may be possible to obtain average 
values of the coefficient as described for wheels of a given manu- 
facturer or of a given design for load rejections at say 100 per 
cent gate, 75 per cent gate, and 50 per cent gate and these data 
would enable one to predetermine the speed-rise power curve 
similar to Fig. 4 of the paper for any projected installation, know- 
ing of course the size of the unit, governor time, Wr?, etc. These 
suggestions are made in an attempt to apply a method of com- 
putation which takes into account the fundamental relations of 
energy transfer which take place during the load change between 
the penstock and the rotor. 


AUTHOR’S CLOSURE 


Mr. Mousson’s discussion substantiates the author’s conten- 
tion as to the advantage of admission of air to a Kaplan turbine 
during load rejection. Fig. 14 shows an alternate method used 
at Safe Harbor to prevent the secondary speed and gate swings. 
It is believed, however, that this method is not as good as that of 
air admission. The author knows of at least one occasion where 
one of the Safe Harbor units jumped from the thrust bearing 
during load rejection. Air admission would eliminate that 
trouble. It should be pointed out that air is injected under 
pressure at Safe Harbor, whereas atmospheric air would serve the 
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same purpose. In spite of about 15 ft of submergence of the 
runner, atmospheric air was readily taken into the No. 3 unit at 
Bonneville and produced speed-change diagrams during load re- 
jection exactly similar to those illustrated in Fig. 10 of the paper 
which were obtained on one of the Guntersville units. This is 
evidence that the secondary swings in speed which occurred on 
unit No. 1 were eliminated by the use of air on unit No. 3. It is 
believed that this answers Mr. Mousson’s question. 

Figs. 3 and 4 show speed drop as well as speed rise for load 
change on one of the Bonneville main units and on the service 
unit. Mr. Nagler states that there seems to be a definite lag in 
the ability of the water rheostat to pick up the load it had just 
dropped. The curves of Figs. 3 and 4 indicate somewhat less 
speed drop than was computed. There may be something in 
Mr. Nagler’s statement. However, this was about as close to 
instantaneous load on regulation as could be obtained on the 
tests. 

The author agrees with Mr. Roberts that it is highly de- 
sirable to be able to vary the rate of blade and gate travel in- 
dependently. 

Mr. Strowger wants to attack the problem of speed change by 
computing the water-hammer energy during gate closure and 
adding it to the normal energy put into the runner during this 
period. He is, of course, quite right in this as the energy which 
produces speed change is the sum of these two minus the in- 
creased generator windage and friction. However, as pointed 
out in the paper, there is a variable lag in the blade movement 
in addition to the dead time of the governor. Lack of certain 
and definite information makes it difficult to apply Mr. Strow- 
ger’s method on Kaplan turbines. 
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Development of the Automatic Adjustable- 
Blade-Type Propeller Turbine 


By R. V. TERRY,! NEWPORT NEWS, VA. 


In this paper the design and testing of automatic ad- 
justable-blade-type propeller turbine models are treated, 
followed by an analysis and discussion of the model-test 
results. Four installations are described, aggregating a 
rated output of about 44,000 hp in five units. Operating 
experience and results with field units are considered. 
Mention is also made of further development work now in 
progress. In conclusion a summary is given of the prin- 
cipal features of this new type hydraulic turbine. 


INTRODUCTION 


HE idea of adjusting the pitch of the blades of hydraulic- 

turbine runners to suit the load is relatively old. Such a 

runner was described? in 1867. For about 25 years develop- 
ment has been in progress on the Kaplan adjustable-blade pro- 
peller type turbine. That type has reached a high degree of 
perfection in employing an oil-pressure system, associated with 
the governor-pressure system, to operate the runner blades in 
synchronism with the gates. From the many published articles 
on adjustable-blade turbines, the advantages of varying the 
pitch of the blades are well known. The principal advantages are 
as follows: 


(a) Increase in capacity above normal. 

(b) Sustained efficiency over the larger part of the load range. 

(c) Reduction of the minimum head at which the turbine will 
develop power. 

(d) Greater stability of operation, particularly at low and in- 
termediate loads. 


In 1928, the author began studies for an adjustable-blade type 
of runner wherein the blades would move automatically with 
changes in flow through the runner, as well as with changes of 
speed and head. It was his rather radical idea? so to pivot the 
blades with reference to their centers of pressure that they would 
tend to adjust themselves to the most efficient angle for each 
condition of gate opening and head for constant-speed operation. 


Mops. Tssts 


Surprisingly satisfactory results were secured with the first 
models built and tested in 1930, which encouraged further experi- 
mentation. Other groups of tests have been conducted at in- 
tervals for the last 10 years. Altogether, more than 200 tests 
have been made on about 30 different models, using about 15 
sets of blades, some of which were altered as the test program 
progressed. The model tests were made on 16? /--in-diam runners 
under heads varying from 9 to 12 ft, in the Newport News Hy- 
draulic Laboratory. 


1 Hydraulic Engineer, Newport News Shipbuilding and Dry Dock 
Company, Newport News, Va. Mem. A.S.M.E. 

2U. S. Patent No. 67,994, issued to O. W. Ludlow in 1867. 

3U. S. Patents Nos. 1,858,566 and 1,907,466. 

Contributed by the Hydraulic Division and presented at the 
Annual Meeting, New York, N. Y., December 2-6, 1940, of THE 
AMERICAN Soctpty OF MECHANICAL ENGINEERS. 

Notre: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


It was early found that the blades must be pivoted consider- 
ably ahead of their centers of area. In fact this was predicted 
from a study of the characteristics of airfoils and hydrofoils. 
In order that the blades might have a tendency to adjust them- 
selves automatically and with minimum operative moments, it 
was also found desirable to pivot them slightly ahead of their 
centers of pressure. This resulted in a tendency for the blades 
to open at all times, at least in normal operation at or near the 
best efficiency conditions. As the test program progressed, cer- 
tain definite trends and characteristics were found which in- 
fluenced subsequent designs. As the development gradually un- 
folded, unproductive leads were encountered, as well as new and 
desirable characteristics disclosed. 

It is assumed that those interested are somewhat familiar with 
turbine design and with some of the terms used in aeronautics 
dealing with airfoils. In Fig. 1 (upper left) is given typical veloc- 
ity diagrams for an average blade section. Diagram uw, G4, Wi 
is for the inlet edge of the blade, while diagram ws, c, w2 is for 
the discharge edge. Terms w: and w, represent the respective 
velocities relative to the blade and wz is the vectorial average of 
wand w. The function wu = w is the tangential velocity of the 
blade. Terms c, and c are the absolute velocities at inlet and 
discharge, respectively. 


VELOCITY DIAGRAMS oJ 
FULL LOAD Oo 
—---HALF LOAD 


PIVOTAL AXIS (X) 
ENTER OF PRESS.(Y) 


TyprcaL Biuapp Section AND VELocITY DiAGRAMS 


Fie. 1 


A typical blade section is also shown in Fig. 1, with chord C 
and mean camber c. The angle of attack a is the angle the in- 
flowing water w; makes with the chord C. The center of pres- 
sure is shown at point y which is at distance n from the leading 
edge of the blade, measured along the chord. The pivotal axis is 
shown by point x which is at distance m from the leading edge of 
the blade. The equivalent total force on all the blades is repre- 
sented by F, while T represents the axial component of F or the 
hydraulic thrust. The “hydraulic moment,” tending to open the 
blades, is Fa, a being n—m. The hydraulic moment is balanced 
by a “reactive moment’’ Rb, tending to close the blades, produced 
by a balance piston in the runner hub acting on the blades with 
lever arm b, R being the total piston load. 

An analysis of tests on airfoils similar in shape to turbine blades 
shows that the distance of the center of pressure (point y in Fig. 
1) from the leading edge in proportion to chord length or n/C 
reaches a minimum value at a moderate angle of attack a, ap- 
proximately the most efficient angle of attack in the case of a 
turbine blade. The curve of n/C plotted against angle of attack 
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is fairly flat for several degrees variation in a from the value giv- 
ing minimum n/C. But on either side of that value the center of 
pressure travels downstream, Fig. 2. A further analysis of the 
characteristics of airfoils shows that the location of the center of 
pressure varies with the proportional mean camber c/C. This 
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variation has been found to be fairly accurately expressed by the 
formula 


n/C = 0.25 + 1.25 X ¢/C 


Thus, a blade section with a mean camber of 8 per cent would 
have its center of pressure located at 35 per cent chord, and 
should be pivoted at about 33 per cent chord. The proper cam- 
ber of turbine blades gradually decreases from the hub to the 
periphery with a resulting change in the location of the center of 
pressure. We are primarily interested in the location of the center 
of pressure of the blade as a whole rather than in its location for 
each individual section. It has been found more practicable in 
producing simple blade shapes to place the axis further down- 
stream near the hub and further upstream near the periphery, 
producing an over-all result as though detail considerations were 
given to pivoting each section upstream from its individual cen- 
ter of pressure. The runner blade is usually divided into four 
annular sections of approximately equal discharge and considera- 
tion given to the average result. 

Fig. 3 shows a typical runner model with six blades, while 
Fig. 4 shows a sectional view of the model, and Fig. 5 a typical 
layout of a runner blade. 

As may be expected, it was found that blades in echelon, 
grouped around a common hub, and enclosed in a housing, do not 
act exactly as they do in the case of single airfoils tested in infi- 
nite space. The echelon arrangement, together with the reac- 
tive nature of a turbine runner, tends to move the center of pres- 
sure somewhat downstream. This tendency has been found to 
increase with the camber, number of blades, and with blade width 
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or overlap. An idea of the degree of movement of center of pres- 
sure may be had from Table 1. 


Trsts ror Mopre, DEVELOPMENT 


) The test procedure for developing a model was as follows: 
1 Design the blades, based upon data secured from previous 
tests and from the consideration of the characteristics of airfoils.‘ 
2 Test the model for speed, power, and efficiency at several 
blade positions, usually six, with the blades locked. 


4 “Aerodynamic Characteristics of Airfoils—VI,”’ National Advisory 
Committee for Aeronautics, Tech. Report No. 315, 1929. 


TABLE 1 COMPARISON OF ADJUSTABLE-BLADE RUNNERS 
FROM TESTS ON MODELS 16!/2 IN. IN DIAM 


Relative blade camber Normal Small 
Number of blades........-.---+0+++5 4 5 6 6 
Type MO... se ees ele eee eae swe oe 164 165B 166B 179D 
Best unit speed, M......--.-++e+0+: 200 180 160 160 
Specific speed, Ns...-.-..0- 2222 eee 160 140 120 120 
Pivot point, per cent of chord: 

At Hub). occ 34 37 40 36 

At periphery 24 27 30 21 

AVELrSZe <2 sce ees 29 32 35 28.5 
Mean camber, per cent of chord: 

PACH EU ete settee eesti aneteroitiecaiy #7578 rere 8.7 8.4 vent 

At periphery ......-.-.---+-seeees 2.3 3.1 3.6 Zeb, 
Center of press, per cent of chord: 

At mean flow line.........-+--+++++5 31.0 34 37.0 30.5 

From airfoil tests......-.-..--+e0es 30.0 31 82.5 30.5 
Discharge angle at periphery, deg..... 14.5 16 18.5 18.5 
Chord angle at periphery, deg........- 17 19.5 22 21 
Hub diameter, per cent of outside 

GIRINECEL oreo cierals o eier etal elorereys nls erte=7s 40 42.5 45 45 
Blade width (plan) + blade pitch: 

RE ATR cen anetaCo rc cinereus © chor 0.88 1.06 1.09 1.09 

(Portpheryre= arse oreo ate aiesatote ars reine 0.77 0.88 1.00 0.91 
Blade area, per cent of annular area... 95 114 128 117 
Head range (approx), ft 10-40 25-55 40-70 


DEVELOPED SECTIONS 


TYPICAL LAYOUT OF AN 


ADJUSTABLE RUNNER BLADE 


Fic. 5 Typicat Layout oF AN ADJUSTABLE RUNNER BuapE 


3 Unlock the blades so that they are free to assume a balanced 
position at different operating conditions. Calibrated springs 
with various amounts of compression are used to produce reactive 
moments tending to close the blades. 

4 Plot moment diagrams, one for each of several speeds, as 
illustrated in Fig. 6. 

5 Study the required reactive moments for best efficiency 
operation, best gate-blade relation, for each speed, and reduce 
them to a constant speed for variable-head operation. In ana- 
lyzing the moments, gravity effects are also considered. 

6 Put the model in automatic operation with a suitable re- 
active moment with the wicket gates under governor control, 
driving an electric dynamometer, to determine its behavior under 
starting and runaway-speed conditions, as well as under normal 
power-producing conditions. 

7 Finally, determine the movement of the center of pressure 
from the test data. This is done primarily from a consideration 
of the measured hydraulic moments and from the calculated 
thrust. However, some blades are tested with two locations of 
the axis and the center of pressure computed from the two sets 
of hydraulic-moment data. 
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From Fig. 5, it may be seen that the general shape of blades 
employed with these adjustable runners is quite simple. A 
cylindrical section approximates that of a portion of a parabola, 
with which uniform deceleration of the absolute whirl component 
of the water is theoretically obtained. The maximum camber is 
placed at about one third the chord distance from the leading 
edge of the blade. The face and back of the blades over most of 
their area are each produced by a system of straight lines (for 
horizontal sections) meeting at a common point, at the runner 
axis for the face and near the axis for the back. The blades are 
laid out for an intermediate angular position, usually for 60 per 
cent open position. The pitch is made uniform on each radial 
line. However, the inlet edge of the blade is extended at the hub, 
resulting in greater pitch at that point. Cambers much greater 
than those theoretically required from a consideration of velocity 
diagrams are selected to allow for the bending effect of the water 
streams before and behind the runner. 

As a result of tests to date the following general conclusions 
may be drawn: 

1 The blades tend to follow the gates, therefore tend to 
open as gates open and vice versa. 

2 With proper blade shape and pivoting, a reasonably con- 
stant reactive moment may be used for operation at constant 
speed at or near best efficiency, for the various gate openings 
and for varying unit speeds as the head is changed. 
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3 At low unit speeds, high heads for constant speed, the re- 
quired reactive moment for best efficiency operation decreases 
somewhat as the load increases, that is, with a constant reactive 
moment, the blades move less than required for perfect syn- 
chronism with the gates. 

4 At high unit speed, low heads, the blades tend to move 
more than is required for the best gate-blade relation. 

5 When properly pivoted, the blades have a strong tendency 
to open when starting the wheel from rest. This tendency is 
greatest with 4-blade, and decreases with 5- and 6-blade runners. 

6 The blades have a strong tendency to open if the runner 
runs away at constant head. This effect is least with 4 blades 
and greatest with 6 blades. The hydraulic moment at runaway 
speed usually ranged from 4 to 5 times normal with the models 
tested. 

At the present stage of development, it is not considered prac- 
ticable or even possible to explain all the various characteristics 
by mathematics and hydrodynamics. The problem is too com- 
plicated, considering the numerous variables. However, a dis- 
cussion of a few concepts is perhaps in order. 

1 Why should the reactive moment required for best efficiency 
be fairly constant for varying loads and heads? To start with, the 
turbine drives an electric generator at a constant speed. The 
tangential velocity is relatively high compared with the variable 
axial velocity. The result is a fairly constant relative velocity 
Wa, Which is the one that produces the predominant dynamic 
effect on the blades. For best efficiency under the various operat- 
ing conditions, the angle of attack is naturally about the same, 
resulting in approximately the same center-of-pressure location. 
A constant relative velocity, together with a fixed angle of attack 
and center of pressure, would, of course, create a constant hydrau- 
lic moment. 

2 Why should the moment increase as the gates are opened? 
As the gates open, the angle of attack increases. This causes a 
slight movement of the center of pressure downstream, and an 
increase in the normal force, resulting in increased moment. This 
change in conditions overbalances the reactive moment and the 
blades move open. However, as the blades move open, the angle 
of attack and normal force decrease and the center of pressure 
moves upstream until a new balanced condition is reached. 

3 Why do the blades open when starting the turbine? With 
the runner at rest the water from the gates impinges directly 
against the runner blades at a very large angle of attack. Under 
this condition the center of pressure is located well downstream 
with reference to the axis of the blade. Because the blade is 
stationary and the angle of water deflection large, the force on 
the blade, per unit volume of water and head, is relatively high. 
This results in a large opening moment that overbalances the de- 
signed reactive moment at a relatively small gate opening. With 
4-blade runners, the blade area is considerably less than the 
annular area between the hub and periphery. The blades of 
such runners have a very strong tendency to open when starting 
and the blades will go wide open. With 5-blade runners, and par- 
ticularly those with 6 blades, the overlap of the blades may be 
such that the leading edge of one blade obstructs the impinge- 
ment of water on the next blade. This results in less movement 
of the center of pressure and a smaller opening moment. Conse- 
quently, the blades of such runners do not open as much when 
starting. 

4 Why do the blades open when the wheel runs away? 
Under this condition two more or less opposing actions take 
place. One consists of a reduction in the angle of attack which 
tends to reduce the blade force and moment. The other consists 
of an increase in the relative velocity, which tends to increase 
the force and moment approximately as the square of that ve- 
locity or speed. The latter“action is predominant, resulting in 
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rapidly increasing moment, particularly at the higher speeds. 
Here again there is a considerable change in characteristics as the 
number and overlap of the blades is increased. The opening 
tendency is stronger with the larger number of blades. 

Tests were also made to determine the effect of the shape of 
the throat ring below the axis on the power and efficiency char- 
acteristics as well as on the hydraulic moment on the blades. 
These included spherical, cylindrical, and intermediate shapes. 
As was expected, the spherical shape had an effect in moving the 
center of pressure downstream as the blades approached their 
open position. It was found better to make the ring cylindrical 
for 4-blade runners and somewhat curved for the 5- and 6-blade 
runners. At the higher specific speeds, it was found that, for a 
given diameter of runner, the reduction in power caused by 
spherical ring more than offsets any gain in efficiency at the larg- 
est blade angles. When efficiency was plotted against power, 
the curve for a cylindrical ring was slightly above that for a 
spherical ring near full load. At low and intermediate loads, no 
difference was found. 

The model tests have established a relation between the center 
of pressure and the axis of the runner blade which should direct 
attention to the advantages in utilizing the minimum force to 
move any type of adjustable-blade runner. When the blades are 
pivoted too far downstream, large moments are produced, par- 
ticularly at runaway speeds. If the axis of the blade is moved up- 
stream, closer to the center of pressure, the force needed to move 
the blades is smaller and the machine is safer from the stand- 
point of overspeed. However, without the use of antifriction 
bearings, there is a possibility of encountering the combination 
of blade-and-gate opening for maximum runaway speed and the 
generators have to be designed for such possibility. 

With the new type of adjustable-blade turbine and with the 
blades properly pivoted ahead of the center of pressure on roller 
bearings, the theoretical maximum runaway speed cannot con- 
ceivably be encountered. The maximum runaway-speed com- 
bination occurs at high gate opening with the blades nearly closed 
and may be from 2.3 to 2.5 times the normal speed, or even higher. 
With the blades allowed to open fully the runaway speed is held 
within 1.8 to 2 times normal, the overspeed for which standard 
generators are designed. Also the force required to move the 
blades is only a small fraction of that needed when the blades are 
not appropriately pivoted with respect to the center of pressure. 


INSTALLATIONS 


By 1934, it was considered that sufficiently satisfactory results 
had been obtained in the laboratory to justify an experimental 
field installation. Arrangements were made at that time with 
the Kanawha Valley Power Company to furnish a 14-ft 9-in. 
adjustable runner instead of a fixed-blade runner at the Marmet 
plant®® near Charleston, W. Va. This unit was placed in opera- 
tion in 1935, and has been in continuous use since that time. It 
is rated 7600 hp under 23 ft head at 90 rpm and has developed 
about 8500 hp under that head. With the exception of the run- 
ner and a few minor differences, the adjustable-blade-runner unit 
is identical with the adjacent fixed-blade-runner turbine rated 
6600 hp. Two other turbines of essentially the same design have 
since been put into operation for the same company, one in 1937 
at the Winfield plant? rated 9150 hp at 26-ft head and one in 
1938 at the London plant, both near Charleston, W. Va. 


5 “Design Features of London and Marmet Hydro Developments,” 
by Philip Sporn and E. L. Peterson, Power Plant Engineering, vol. 
41, 1937, pp. 80-87. 

§ “Automatically Adjustable Propeller Turbine,” by R. V. Terry, 
Power, vol. 81, 1937, pp. 97-99. 

7“1esign and Operating Features of the Winfield Hydro Develop- 
ment,” by Philip Sporn and E. L. Peterson, Power Plant Engineering, 
Feb., 1940, pp. 36-42, 46. 
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The Marmet turbine represented a rather large step-up in 
physical dimensions and power from the model, especially for 
equipment of such radical departure from past practice. The 

>) areas of the water passage were about 115 times and the power 
about 300 times those of themodel. A bladeof the Marmet runner 
| is shown in Fig. 7, being machined in a 120-in. lathe. The general 
location of the blade axis with reference to the blade area is well 


— 


ror 14-Fr 9-In. Marmer RUNNER 


Fre. 8 BaLancina ADJUSTABLE-BLADE RUNNER FOR THE 
WINFIELD PLANT 


illustrated. Another interesting feature illustrated is the rela- 
tively large size of the blade boss which is important in obtaining 
the proper strength of connection between the trunnion and blade. 
This is made possible by the use of an integral labyrinth seal. 
Fig. 8 shows the Winfield runner being balanced in the shop 
and Fig. 9 shows a sectional view of the Winfield unit. 

With these three installations, the connection between the four 
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blades of the runner and the balance piston was of the rack-and- 
gear sector type, each rack being guided in two bearings. The 
eight rack bearings cause some friction which creates a lag in the 
blade position with reference to the wicket gates and results in 
some differences between increasing and decreasing loads, 
amounting to about 10 per cent in gate opening or about 3 deg 
in blade position. These differences. are not considered important. 
Field efficiency tests of those installations were not made because 
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of the difficulty of measuring the water accurately. However, 
the average blade position with respect to gate opening closely 
follows the best relation determined from the model tests. The 
power output plotted against gate opening approximates a 
straight line, which is a desirable characteristic. 

The fourth installation was made during the last year at the 
Austin Dam plant of the Lower Colorado River Authority and 
consists of two units, each rated 10,000 hp, 200 rpm, 61 ft head. 
Preliminary field-test results show a maximum efficiency of 92 


per cent. 
INSTALLATION aT AUSTIN Dam PLANT 


This installation may be considered typical and will be briefly 
described by reference to Fig. 10. The six runner blades are of 
cast steel with integral trunnions pivoted on roller bearings in a 
cast-steel hub. Each blade is pivoted on three roller bearings, 
two radial bearings, and a thrust bearing. The runner hub is 
divided into two compartments. The lower compartment, which 
is packed with grease, carries the bearings and blade-connecting 
mechanism. The upper compartment consists of a bronze-lined 
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cylinder to house the reactive piston, the integral stem of which 
projects downward through the lower compartment for connec- 
tion to the blades by spider, links, and levers. The hub is also 
provided with top and bottom covers of cast steel, the top one 
being arranged for connection to the shaft. The stroke of the 
piston and spider limits the travel of the blades to 25 deg. The 
piston rod is guided in two bronze-bushed bearings made equal 
in diameter so that the reciprocation of the piston will not 
create a pumping action on the grease in the lower hub compart- 
ment. The space under the balance piston communicates with 
the draft tube through ports in the piston hub, hollow piston rod, 
and ports in the lower cap of the runner. Reactive pressure on 
top of the piston, tending to close the blades, is supplied from 
the headwater, through strainers and a pressure-reducing valve, 
to the bearing housing, thence through radial holes in the shaft 
and downward through the hollow shaft. This supply is combined 
with the water supply to the rubber bearing. The pressure supply 
is maintained constant by the pressure-reducing valve, the ad- 
justment of which may be easily altered in the field as desired. 

Grease is supplied to the runner hub through a pipe connected 
internally to the piston rod and extending upward through the 
generator and turbine shafts. This pipe also actuates the blade 
position indicator which is mounted above the generator. The 
top end of the pipe is provided with a swivel connection for greas- 
ing the runner hub while the turbine is running. 

The runner hub is packed with grease during assembly. A 
heavy-bodied adhesive grease is used. It is expected that some 
water will enter the hub. This is, however, made difficult by the 
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use of the heavy-bodied grease and by the use of a labyrinth-type 
seal at the blade bosses. The roller bearings are of the 15 to 18 
per cent chromium type of corrosion-resisting steel with a Rock- 
well C hardness of about 55. 

In addition to creating the reactive moment, the piston in the 
upper part of the runner hub also serves as a very effective dash- 
pot. The inflow to and outflow from both sides of the piston must 
pass through restricted openings. This dashpot action helps to 
steady the blade movement as wellas to limit therate of movement. 

The mechanism in the runners of all installations is simple and 
rugged. The blades are pivoted only slightly upstream from their 
normal centers of pressure, approximately 1 per cent of the 
nominal diameter of the runner. During normal operation 
this results in rather small moments about the blade axes, and 
relatively small forces on the internal mechanism, tending to re- 
duce wear. The mechanism is, however, designed to carry 
forces about 5 times their normal value. This is done to provide 
for the larger forces which may occur during runaway speed 
and to take care of a hypothetical condition of haying the total 
moments of all the blades concentrated on the mechanism of one 
blade. 

Externally, all units have the same general appearance as 
those employing runners with fixed blades. The generators, 
governors, shaft couplings, and external mechanism of the tur- 
bines are of standard construction. 


OPERATING EXPERIENCE 


The five units now in operation have been in continuous service 
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since installation of from 6 months to 5 years. No trouble of any 
consequence has occurred with any of these units. Highly satis- 
factory operating results have been obtained. All units govern 
very well. The three Kanawha Valley Power Company units 
are of the automatic type remotely controlled, and handle well 
under that type of operation. 

As proved by operating experience and as may be seen from a 
study of the model-blade moment diagram shown in Fig. 6, the 
blade movement with respect to gate movement is inherently 
stable. For a given reactive moment and head, there is a rather 
definite balanced position of the blades for each gate opening. 
When the gates are moved by the governor, the blades become 
unbalanced until a corresponding movement of the blades re- 
stores the balance. The blades do not overtravel because such a 
movement sets up a restoring moment. For slow movement of 
the gates during normal governing, there is enough friction in 
the blade mechanism to prevent unnecessary movement of the 
blades. For large changes in load in either direction, the blade 
movement follows the gate movement rapidly with very little 
lag. 

Perfect synchronism between gate-and-blade position, such as 
to result in the highest possible efficiency at all loads and heads, 
is not obtained. However, since blade adjustment is automatic 
for both head and load, the perfection of adjustment is con- 
sidered adequate. 

When any load up to full load is kicked off the unit, the blades 
close approximately as fast as the gates. This is a desirable con- 
dition of operation because, when the gates are closed, the run- 
ner tends to screw up in the water and thus to lift the entire rotor. 
The blades being in their flat or nearly flat position greatly re- 
duce the lifting effect. 

Lifting effect on shutdowns is also reduced by the admission 
of air through the crown plate. It is customary to provide each 
unit with two rather large air valves of different types. One is of 
the check type which is forced open by an adjustable cam as the 
gates close. That valve takes air through a pipe from the out- 
side of the powerhouse and is also used for venting the turbine 
during normal operation under load at low gate openings. The 
other air valve is a spring-loaded check, taking air from the 
turbine pit, and is adjusted to open at about 15 ft of water 
vacuum. It opens only when the dropping of load produces a 
high vacuum under the crown plate. 

With the air valves in operation and the runner blades reaching 
their closed position almost simultaneously with the gates, a 
highly satisfactory shutdown results. Practically no bump can 
be felt from the top of the turbine or generator when full load is 
dropped. 

The turbine runners and throat rings have proved to be re- 
markably free of pitting from cavitation. This rather gratifying 
experience is attributed to several factors. The models were 
subjected to extensive cavitation studies. The runner blades are 
of simple curvature. The position of the gates and the sectional 
curvature of the top of the throat ring were selected so that the 
gates do not project over the curved part of the ring when in 
their full-load position. This tends to reduce inflow vortexes and 
to produce a more uniform velocity distribution. 


DEVELOPMENT WORK IN PROGRESS 


Additional studies and experimental work are in progress with 
a view toward further improvement and toward the extension of 
the upper head range. This also includes additional cavitation 
studies and further studies toward improvement of mechanical 
details. 

Among the improvements in mechanical details might be men- 
tioned the arrangement, shown in Fig. 11, for the automatic ad- 
mission of free air to the draft tube at the runner cap. This is for 
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the purpose of giving smoother operation in cases where the 
water leaves the runner with a considerable whirl. Such an ar- 
rangement is advantageous in preventing vibration in the case 
of runaway speed or operation at greatly reduced heads, high 
values of unit speed. Whenever a vortex forms at the runner 
cone in the center of the draft tube, a vacuum is produced, even 
with high tail water, such as to suck in free air through the 
tubular passages in the piston rod and turbine shaft. These 
passages terminate with check valves near the upper end of the 
turbine shaft. The check valves are adjusted so that they will 
admit air to the draft tube only when a strong vortex occurs at 
the runner cone. 


CONCLUSION 


In conclusion, a summary of the principal features of the new 
type of hydraulic turbine may be given as follows: 


1 Blade-operating mechanism is entirely separate from the 
governor oil-pressure system and is controlled by the turbine 
water supply. No extra governor equipment is required and all 
oil pipes are eliminated. 

2 Blade-adjusting mechanism is concentrated in the turbine 
proper, reducing interdependence of turbine, generator, and 
governor design. 

3 Turbine and generator shaft couplings are of standard con- 
struction, the same as for fixed-blade turbines. 
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4 For normal blade adjustment, forces and moments re- 
quired to actuate the blades are a minimum due to location of 
pivot point and use of roller bearings. 

5 Blades open when starting turbine, tending to protect the 
main thrust bearing. 

6 Blades open at runaway speed, appreciably reducing over- 
speed and cost of generator. 

7 Use of heavy grease in hub versus heavy oil. 

8 Inherent tendency for blades to adjust themselves to the 
condition of operation. 

9 Blades follow gates rapidly on quick shutdowns, greatly 
reducing lifting effect and forces on the blades. 

10 Provision for automatic suppression of vibration with 
free air in the case of overspeed. 


Discussion 


C. 8. Apams. The information contained in this splendid 
paper is evidence in itself of the great contribution that has been 
made to the progress of hydraulic-turbine design by the author. 
The amazing ingenuity of the inventive engineer should not be 
permitted, however, to overshadow the tremendous amount of 
mental and physical energy which has been expended by this 
man and his associates throughout the last 10 years in order to 
develop and perfect the original conception of the Newport 
News type of automatic adjustable-blade propeller turbine. 

It was the writer’s opportunity and pleasure, when serving as 
designing engineer for the Lower Colorado River Authority 
under Clarence McDonough, general manager and chief en- 
gineer for the Authority, to have been permitted to study the 
development of this turbine through the laboratory stage; 
to have viewed the first commercial installations on the Kanawha 
River in West Virginia; to have designed the Austin hydroelec- 
tric power plant around the two most powerful of these turbines 
yet built; and to have installed these two turbines and to have 
placed them into successful operation. Through each of these 


8 Frederic R. Harris, Inc., Consulting Engineers, New York, 
N. Y.; formerly Designing Engineer, Lower Colorado River Au- 
thority, Austin, Tex. 
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stages of development and application, the hydraulic engineer 
can find that this water-operated automatic adjustable-blade 
turbine has definitely proved a successful reality. 

The writer will endeavor to sketch briefly some of the items of 
special interest which concern the designer, constructor, and 
operator of power stations that embody this new type of turbine 
as wellas to present a few brief facts relative to the Austin instal- 
lation. 

The invention of the Newport News type of adjustable-blade- 
propeller turbine has furnished the designing hydroelectric engi- 
neer with another useful tool which can be applied advantage- 
ously to assist in the solution of problems that occur in the de- 
sign of hydroelectric power systems where the conservation and 
the efficient use of water in the system must be effected to the 
utmost. The Newport News turbine permits a simple, neat, 
compact, and relatively inexpensive installation to be provided 
at hydraulically proper locations in order to supply energy and 
power to small “off-peak” loads with a relatively high over-all 
plant efficiency. 

To cite a practical application, each of the two Austin turbines 
1s rated at 10,000 bhp at 200 rpm under a net head of 61 feet. 
This 20,000 bhp of adjustable-blade propeller turbine is an effec- 
tive part of the Lower Colorado River Authority’s total of 175,000 
bhp which is now installed in four hydroelectric power plants 
on the Colorado River of Texas. In the ultimate design of this 
system, it was considered necessary to install the 20,000 bhp of 
adjustable-blade turbines at Austin so that the 155,000 bhp of 
Francis turbines along with over 2,000,000 acre-ft of firm water 
storage could be so correlated and coordinated that the over-all 
operating efficiency of the entire system under commercial 
loads could be at the highest possible value. A thorough study 
of the entire project with respect to hydrology, reservoir char- 
acteristics, and commercial power sales disclosed the definite 
necessity for an adjustable-blade installation. 

The physical conditions at the Austin site rendered the in- 
stallation of power machinery difficult. An unusually high tail- 
water condition during floods and the long length of spillway 
required for the dam in order to accommodate flood flows, cou- 
pled with the fact that the entire power plant had to be placed in 
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the channel of this major stream, made necessary the most com- 
pact installation that could be developed. Figs. 12 and 13 of 
this discussion, showing the transverse and longitudinal cross- 
sections through the power station will enable this compactness 
to be observed. 

The Newport News turbines lent themselves admirably to a 
neat and compact setting. An important factor in this par- 
ticular power-plant design, in so far as the entire system was 
concerned, was that the demand capacity obtainable with the 
given diameter of runner was at a maximum with the adjust- 
able-blade type. The design also permitted the use of 60,000- 
ft-lb torsional gate-shaft Woodward hydraulic governors in a 
pleasant-appearing cabinet form, as may be seen in Figs. 14 
and 15 of the interior of the powerhouse, and a minimum of 
space was required on the generator-room floor and in the turbine 
pits for the governing installation. 

The model tests on the Newport News runner revealed that 
both a lesser runaway speed and a lower starting hydraulic thrust 
existed on this type of runner than on the Kaplan type of corre- 
sponding characteristics and size. These features resulted in a 
saving in the electric generators together with an improvement in 
operating conditions. The author in pivoting each of the runner 
vanes slightly upstream from its center of pressure, has permitted 
these favorable characteristics to become innate properties of 
this turbine. 

The incorporation of these turbines into the detailed design 
of the Austin power station entailed but slight additional difficul- 
ties, as compared with the Francis type or the fixed-blade-propel- 
ler type of turbines. The provision for the supply of water to the 
blade-actuating mechanism is essentially the only additional 
service that must be supplied. The governors and generators 
are essentially the same as they would be for fixed-blade units, 
although a hollow generator shaft is required for operating the 
blade position-indicating device atop the direct-connected ex- 
citers and for the admission of grease into the hub of the runner. 

The installation of the Austin hydraulic-turbine units pro- 
ceeded without delay. The assembly and, consequently, the 
dismantling of the units is a relatively simple operation and, 
since the runners were completely assembled in the shop prior 
to the field installation, a minimum amount of field-assembly 
work was required. No more working space in the powerhouse 
was required for erecting or dismantling these complete generating 
units than for comparable fixed-blade units. The governors were 
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shipped completely assembled in their housings, and it was only 
necessary to set them upon their anchor bolts and connect the 
servomotor connecting rods to the torsional gate shafts. 

After the two units had been installed, a short operating period 
for each unit at about one-half rated speed enabled the Kingsbury 
thrust and guide bearings of the umbrella type on the Westing- 
house generators and the water-lubricated rubber guide bearings 
of the turbines to be “run in” and to determine that the units 
were physically completed and also properly installed and serv- 
iced. At the end of this “run-in” period, each of the units 
was loaded with a water rheostat in order that it might be put 
through a vigorous and thorough mechanical testing before 
being placed into commercial operation, and in order that the 
operation of the runners could be observed and adjusted to insure 
performance characteristics comparable with those of the final 
laboratory model. 
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Load was applied to each generating unit in increments of 
about 1000 bhp; the unit was operated for about 5 min, then 
the circuit breaker was opened to remove the load; and the 
governor closed the regulating gates at the rate of 3 sec for a 
full gate stroke. As the units were started up after each run and 
as loads were increased to a maximum of 5 per cent above the 
rated capacity, it could be noticed that the blades opened almost 
to the fully open position, just as the regulating or wicket gates 
began to open, but the blades then closed slowly to the proper 
position. When the unit was disconnected from the bus, the 
blades closed at almost the same instant that the 3-seec governor 
closed the regulating gates. The quick-opening characteristic 
lessened the hydraulic thrust on the main bearing caused by the 
inrush of water on starting the unit, whereas the quick-closing 
characteristic denoted the sensitivity and fine mechanical bal- 
ance of the individual vane bearings and linkage mechanisms 
for each of the six runner vanes of the 102-in-diam runner. 

After the thorough initiation and adjustment with the aid of 
the water rheostat, the two units were placed in commercial 
operation on April 1, 1940. Although the flywheel effect or WK? 
of the Austin generator and turbine rotors is small and the fly- 
wheel effect of the rotating machinery of the connected loads 
is not great, the generating units governed perfectly. The 
units governed so well that the frequency-controlling equipment 
for the entire system will be moved to the Austin power plant. 
The Austin plant also serves as the dispatching point for the 
distribution of power to the Authority’s customers which include 
the Texas Power and Light Company, Houston Lighting and 
Power Company, San Antonio Public Service Company, the 
City of Austin, 3500 miles of rural-electrification lines, and the 
Authority’s own power district which is approximately the same 
area as the combined states of Massachusetts, Connecticut, 
Rhode Island, and New Jersey. 

These two units have now been operating satisfactorily and 
continuously for 8 months. Outside of an occasional replace- 
ment of breaking pins on the wicket-gate mechanism, the units 
have functioned perfectly and on occasion have operated con- 
tinuously at full rated load for a period of two weeks. 

In July, 1940, each of the turbines was given a thorough pre- 
liminary field test in order to determine its performance char- 
acteristics. The Gibson method was used for determining the 
quantity of water used at each test point and all observations and 
computations were made essentially in conformance with the 
A.S.M.E. Power Test Code for Hydraulic Prime Movers. The 
units were tested between 9 a.m. and 8 p.m. with commercial 
loads. A reasonably flat horsepower-efficiency curve was ob- 
tained for each unit, but the author considered that the char- 
acteristic curves could be improved to conform more closely 
with the model curves by making a minor alteration to the 
pressure-regulating device which actuates the servomotor piston 
of the vane-position mechanism. This minor alteration has now 
been made and the load versus blade-angle relationships for each 
Austin turbine corresponds with those of the homologous adjust- 
able-blade model over the entire range of load. The turbines 
will be given a final test in the near future in order to determine 
their performance curves. 

The maximum over-all efficiency of one turbine, as determined 
from the preliminary field testing, occurred at 85 per cent of the 
rated capacity at a value of 92 per cent, whereas, the other tur- 
bine attained a peak efficiency of 90 per cent at 85 per cent of the 
rated capacity. The mechanical operation, the balance of the 
units, the functioning of bearings, and the operation of the com- 
plete generating units, as revealed during the field tests are all 
considered at or even above par with the other modern hydraulic- 
turbine installations at the-Authority’s power plants. 

With the development, success, and the experience gained by 
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the author in the design, manufacture, installation, and opera- 
tion of the existing automatic adjustable-blade turbines, the 
hydraulic-turbine field should now be clear for the production of 
larger-capacity wheels of the same type. It is anticipated, more- 
over, that the talents and energies which have been utilized in the 
development of this successful invention will enable further ad- 
vances to be made in the hydraulic-turbine as well as in related 
fields. 


F. Nacupr.? The author deserves a great deal of credit, 
as much for initiating a new policy of engineering presentation 
as for the extremely interesting type of turbine development 
indicated. In past years, few engineers were either willing or 
free enough from commercial considerations to be entirely open 
with engineering uncertainties, field troubles, and the like, to 
permit that frankness on which the most rapid progress may be 
realized. 

The magnitude of the actual installations described in this 
paper is particularly noteworthy. The writer and J. F. Roberts 
did some work on automatically adjustable blades during the 
early ’20’s. This work attempted to get around the influence 
of variable friction, by hanging the blades on knife-edges instead 
of letting them revolve in the bearings. The idea was that they 
would be positioned by a combination of centrifugal force and 
water flow. The work was discontinued because of assumed in- 
surmountable obstacles connected with weakness of structure 
and the wide variables introduced by changing friction, by vari- 
able-velocity conditions as the head changed, and, of course, 
by the variable velocity and direction imposed by guide-vane 
operation. The author, apparently, has worked out a feasible 
solution of these major difficulties. 

It would be appreciated if the author would comment a little 
further on the life of the antifriction bearings on the runner- 
blade pivots. We know that tremendous forces exist on these 
blades; forces, as pointed out in a paper!® by J. D. Scoville, of a 
magnitude sufficient to lift the entire rotor of generator and tur- 
bine. These forces come practically as a blow, Fig. 91! in the 
Scoville paper. 

In a current paper!? H. Styri brought out the point that, to 
insure commercial life of any ball or roller bearing, there must 
be an oil film present between roller and race. It is probably 
not particularly difficult to maintain such a film for a bearing 
that rotates, but the bearings in the hub of the runner are 
practically stationary throughout their life. The writer would 
expect certainty of breakdown of the oil film and inevitable 
peening action under such conditions. Undoubtedly, the field 
experience to date is the most effective answer to a question as 
to life of antifriction bearings under this duty. Further com- 
ment from the author on this point would be appreciated. 

When a piston interconnecting and influencing the position of 
the blades is added, as shown in Figs. 9, 10, and 11 of the paper, 
and external control of the pressure behind that piston taken 
outside the shaft, are we not approaching closely an externally 
adjustable blade, the connection of which to the guide-vane mo- 
tion would require a relatively minor addition in the form of 
links or cams? 

It would be exceedingly interesting, if the author would show a 
comparison between the shape of the efficiency curves of the 
automatically adjustable-blade construction, and the Kaplan 
and the fixed-blade types. 


9 Chief Engineer, Canadian Allis-Chalmers, Ltd., Toronto, Canada, 
Life Member A.S.M.E. 

10 “Speed Regulation of Kaplan Turbines,’ by J. D. Scoville, 
Trans. A.S.M.E., vol. 63, 1941, pp. 385-394. 

1 Tbid, Fig. 9, p. 389. 

12 “Wriction Torque in Ball and Roller Bearings,’”’ by H. Styri, 
Mechanical Engineering, vol. 62, no. 12, December, 1940, p. 886. 
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TERRY—DEVELOPMENT OF AUTOMATIC ADJUSTABLE-BLADE-TYPE PROPELLER TURBINE 


The use of air valves, as applied to this type of construction, 
is of particular interest to the writer since, at the time of pres- 
entation of this device,'* but slight attention was paid to its 
utility. Several major field accidents would have been pre- 
vented had this device been adopted more generally. This is 
particularly true on the axial-flow types of turbines, where such 
positive uplifts as are reported by Scoville!® are encountered. 
There are some instances reported of uplift with the Francis 
turbines, but the writer has not personally observed them. It 
would be of interest if the author would comment on this particu- 
lar feature. 


J. F. Roprrrs.'* The description in the paper of the various 
tests and model and field experiments which have gone into 
developing the automatic adjustable-blade-type propeller tur- 
bine is both interesting and enlightening. The results should be 
very gratifying to the author and should result in a real saving 
to the users of this type of turbine. 

The author’s remarks concerning the use of air valves are in- 
teresting. The writer has always been a strong advocate of 
ample size of air valves, both for fixed- and adjustable-type pro- 
peller turbines and for Francis turbines. The point where the 
air is admitted to propeller-type runners has been found quite 
important and, in several cases, a change in the point of air ad- 
mission has resulted in a material improvement. The writer 
has found that, if the air is admitted to a propeller turbine at the 
lowest point in the head cover, just above the top of the runner 
hub, the greatest benefit can be secured. In two cases it was 
found possible to get air into the turbine at the lower point when 
it would not take in air near the upper part of the head cover, 
due to a positive pressure existing at that point. 

It has also been found unnecessary to use a cam or linkage to 
open the air valve at definite gate openings and close it at other 
gate openings since, both on Francis- and propeller-type tur- 
bines, the air is apparently beneficial whenever a vacuum exists 
which is sufficient to draw the air into the turbine. By providing 
the air valve with a light spring-loaded check valve so that it 
will close at zero pressure and prevent water from flowing out of 
the valve, but will open whenever a vacuum of 1 or 2 in. of mer- 
cury exists, the use of cams connected to the gate mechanism 
can be eliminated and better results obtained under both varying 
heads and varying gate openings. 


J. D. Scovirie. The author’s turbine is called an automatic 
adjustable-blade propeller, the blades moving to a new position 
as the gate opening is changed because of inherent characteristics 
of the runner. This is distinguished from the ordinary Kaplan 
turbine in which the blades are moved by an oil-operated servo- 
motor, controlled by the gates. This might be called a control- 
lable-pitch propeller. 

There are certain differences between the two types which 
should be pointed out. The author states that, when the gates 
are opened on the automatic adjustable-blade turbine, the blades 
go to a large angle which make starting easy. On the control- 
lable-pitch propeller, the blades are normally in their flattest 
position on starting, so that one would expect a large gate-open- 
ing requirement to start the unit. Such isnot the case. Usually 
10 to 15 per cent is sufficient. The unit reaches synchronous 
speed at about the same opening. 

As the gates open further on the automatic adjustable-blade 


138 “Operation of Hydro-Electric Units for Maximum Kilowatt 
Hours (The Turbovent),’’ by F. Nagler, Engineers and Engineering, 
vol. 42, 1925, pp. 148-156. 

14 Principal Mechanical Engineer, Tennessee Valley Authority, 
Knoxville, Tenn. Mem. A.S.M.E. 

18 Assistant Chief Engineer, S. Morgan Smith Company, York, Pa. 
Mem. A.S.M.E. 
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propeller, the blades follow. When the gates open on the 
controllable-pitch propeller, a cam on the gate shaft or connected 
to the gate servomotor controls the blade position. The shape 
of this cam is determined by index tests in the field so that the 
blades are moved positively to the best position. As the head 
changes, a new blade-gate relationship is required. This altera- 
tion can be taken care of by an adjustment in the cam position 
which requires only a minute or so, the turbine remaining in 
normal operation. 


TURBINE EFFICIENCY 


DISCHARGE 


HORSEPOWER OUTPUT 


Fie. 16 Curves SHowING RELATION BETWEEN LOAD CHANGES AND 
DiscHARGE OF CONTROLLABLE-PITCH PROPELLER 


The blades of a controllable-pitch propeller can be moved as 
fast as the gates for load changes. It is desirable, however, to 
restrict the closing of the blades. The reason will be evident 
from Fig. 16 of this discussion. If the load changes from 1 to 2 
the discharge changes from a to ¢, if the blade-closing time is 
very slow, but from a to d if the blades close as fast as the gates. 
Therefore, the pressure change is correspondingly less. This is 
an advantage in a plant with a relatively long penstock. Usually 
the controllable-pitch propeller is so adjusted that the blades 
close in about 60 sec, so that, during a load reduction, it is in 
effect a fixed-blade runner. 

If the controllable-pitch propeller runs away, the maximum 
theoretical speed will be reached with the blades in a relatively 
flat position and the gates wide open. It is only possible to ob- 
tain this condition if the blades are deliberately blocked at the 
flat angle. Even if the oil pressure fails and the gates open for 
some reason, the blades will open because of the unbalance, 
which the author points out. The opening tendency of the 
blades on the Bonneville units at runaway speed was about 4 
times the force required to open the blades at normal speed. 
This means that the runaway speed of the controllable-pitch 
propeller cannot reach the theoretical maximum. 


R. E. B. Suarp.!® The Terry automatic adjustable-blade- 
propeller turbine presents a definite and valuable contribution 
to turbine design and to date turbines of this type have given a 
satisfactory account of themselves. The study and experiments, 
which the author has made on the hydraulic moments acting on 


16 Chief Engineer, I. P. Morris Department, Baldwin Southwark 
Division of The Baldwin Locomotive Works, Philadelphia, Pa- 
Mem. A.S.M.E. 
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runner blades, represent a valuable contribution in connection 
with the design of the adjustable-blade-propeller turbine, whether 
of the Terry type or of the usual Kaplan adjustable-blade- 
propeller turbine. 

There is one factor, however, which the author does not men- 
tion, but which does have an effect on the net hydraulic moment 
acting on runner blades, and that is the centrifugal force acting 
on the blades. 
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Referring to the plan view of the author’s Fig. 5, all particles 
in the blades are acted upon by centrifugal force which has a 
component tending to flatten them. The moment caused by 
this component is of course greatest at runaway speed. How- 
ever, the net force mentioned by the author, namely, that result- 
ing from a reduction in the angle of attack and that resulting 
from the increase in the relative velocity, increases at a greater 
rate than the centrifugal-foree moment. The result is that, 
with this design of blade, the net moment is greatly increased, 
tending to open the blades. 

When adjustable-biade-propeller turbines are operated at 
less than normal heads, the Kaplan type of turbine, with the 
blade-gate relation positively established by a cam, develops 
greater power than with the author’s design; Fig. 17 of this dis- 
cussion indicates this condition. 

The curve marked No. 6 blade position represents the maxi- 
mum power that can be developed in the steepest blade position 
for this particular runner. Similarly the curves marked No. 4 
and No. 2 blade positions represent the maximum power which 
can be developed with the blades set in these flatter positions. 
It is noted that at 30 per cent of the normal head, for instance, 
the unit power developed for the No. 6 blade position is 0.15, 
whereas, for a flatter blade position, as read from the envelope, 
the maximum unit power is 0.315. This condition approaches 
the runaway-speed condition where the author’s blades tend to 
take up their steepest blade position or angle. In order, how- 
ever, to develop the maximum power possible from the unit, it is 
seen that the blades should be definitely brought to a flatter 
position. 

It is the writer’s experience, based on comparative tests, that 
a better performance as regards cavitation and maximum output 
obtainable are secured by having the blade axis located farther 
downstream than is indicated in the paper. This is due to 
reduced clearance between the throat ring and the runner blades 
in the vicinity of the trailing edge being secured with the axis so 
located. While this does increase the capacity required of the 
blade servomotor, it is considered desirable. 

The greatest factor in determining the capacity of runner-blade 
servomotors of Kaplan turbines is the friction in the runner-blade 
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mechanism in the hub. A minimum amount of friction is there- 
fore quite desirable on that type of turbine and the use of anti- 
friction bearings in Kaplan hubs would of course accomplish this 
result to a very great degree. The inevitable entrance of water 
into the hub at some time or other, however, dictates that these 
bearings should be of the stainless-steel type, such as the author 
employs. The slow oscillating movement of the runner blades 
with a turn of not more than 30 deg, with indefinite more or less 
stationary periods in conjunction with the live character of the 
load, tends to cause Brinelling or local strain hardening or 
grooving action on the races which, in the writer’s opinion, has 
made the use of this type of bearing questionable, particularly 
in view of the present inability of bearing manufacturers to ob- 
tain a satisfactory stainless antifriction-bearing material. 

The author has naturally employed bearings of ample propor- 
tions and liberal ratings. However, the writer would be inter- 
ested in knowing whether any of these bearings has been ex- 
amined after extended field use and whether the lag mentioned 
in connection with the Winfield turbines can be ascribed to pos- 
sible grooving of the races. The continued absence of friction 
is of course essential to the Terry design as a friction increase 
aggravates the lag between the exact position desired and that 
actually secured. 

One of the interesting features of this turbine, as the author 
points out, is the tendency of the blades to open to their steepest 
angle at runaway speed, with consequent reduction in the run- 
away speed reached, as compared with what would be reached 
with a flat blade angle. Under normal conditions, the blades 
both of the Terry turbine and the conventional Kaplan turbine 
move to their steepest blade positions if the gates open wide under 
runaway-speed conditions. 

It is a common practice among Kaplan designers to assume 
that the cam relation might be destroyed and the runner blades 
might conceivably be in the flat position with the maximum gate 
opening causing high runaway speed. For this to happen how- 
ever a very remote chain of circumstances would have to exist. 
Nevertheless, it is considered sound engineering to assume that 
they might exist. 

It appears to the writer that the mechanism of the Terry tur- 
bine might prevent the blades from taking up their steepest 
position during runaway, due possibly to the jamming of one 
of the blade links or other parts of the hub mechanism, or the 
malfunctioning of the pressure-reducing valve, controlling the 
servomotor pressure. Therefore, with the Terry turbine no 
less than with the Kaplan, it appears desirable to allow for the 
maximum possible runaway speed with the flat blade position, in 
view of the possible destructive results should this condition 
not be provided for. 


AvuTHoR’s CLOSURE 


Several of the discussers raised questions regarding the power- 
efficiency characteristics of this type of turbine. The Austin 
dam units were field-tested in January, 1941, according to the 
standards of the 1938 A.S.M.E. Test Code for Hydraulic Prime 
Movers. The discharge was measured by the Gibson method. 
The results of these tests on one unit are shown in Fig. 18 of this 
closure, in comparison with the results of tests made at several 
blade positions on a 16*/,-in. model under 12 ft head in the hy- 
draulic laboratory of the author’s company. It will be noted 
that the efficiency curve is quite flat, being above 90 per cent for 
about 62 per cent of the load range. The maximum efficiency 
obtained was 93 per cent. The average efficiency from the 20 
individual test points, within the guaranteed range of from 4000 
to 10,000 hp, was 91.6 per cent. The author believes that these 
test results are at least equal to any that have been obtained with 
turbines of the adjustable-blade type. 
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Mr. Adams’ discussion, relating to the installation and opera- 
tion of the Austin turbines is gratifying, particularly that part 
dealing with governing and system-frequency control. 

Messrs. Nagler and Sharp raise questions in regard to the serv- 
ice and life of the stainless-steel roller bearings employed in 
the runner hub. The estimated loads, the bearing manu- 
facturer’s ratings, and other data on the several bearings of the 
Austin runner are given in Table 2. 


TABLE 2 AUSTIN RUNNER ROLLER BEARINGS 


Outer Inner 
radial radial Thrust 
Borevof DEALING) INS. wee sieies oi overeie 9.00 5.00 8 
Outside diameter of bearing, in.. 14.50 8.25 12 
Bearing length; in......0/0006.8 <i> 2.75 2.19 2 
Diameter and length of rollers, in. 11/3 K 8/4 KX 3/4 X 
3/4 11/2 18/8 


Number of rollers.............. 


26 
Estimated load, lb.,............ 81,000 51,000 30,500 (Normal speed) 


122,000 (Runaway speed) 
Rated load (2 rpm), lb.......... 109,500 55,400 125,900 


The rated loads are based on a speed of 2 rpm, whereas, the 
actual service approaches a static condition under which the 
ratings would be somewhat increased. The ratings are also 
based upon a specified minimum of 52 Rockwell C hardness, 
whereas, the actual hardness is about 55 Rockwell C. That 
change in hardness increases their actual capacity from 70 to 
about 90 per cent of the capacity of carbon-steel bearings, an 
increase of about 28 per cent. 

The life of the bearings for this service is not definitely known. 
Although the aggregate service of the five units installed is about 
15 years, there has been no occasion to dismantle a runner for an 
examination of the internal parts. If the life of the bearings 
should prove less than expected, bearings of 25 to 30 per cent 
higher capacity are now available, interchangeable with the pres- 
ent bearings. That change in capacity would give a theoretical 
increase of life of from 50 to 75 per cent. A still greater factor 
of safety or longer bearing life may be obtained by the use of 
“quill-type” inner bearings or by employing a slightly larger 
diameter of runner hub. To date, there has been no indication 
pointing toward bearing failures. 

The seventy-two bearings used in the five units in operation 
were all supplied by one bearing manufacturer who has co- 
operated in making this new application practicable. The ma- 
terials used are of a commercial quality which appears to be 
quite satisfactory. The service required of the bearings is, in a 
way, somewhat crude as compared with that ordinarily required 
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of bearings on high-speed machinery. It is the author’s opinion 
that the bearings for this service will prove satisfactory for a 
much longer period, proportionately, than with most applica- 
tions of antifriction bearings. 

It would appear that roller bearings are inherently more suit- 
able for adjustable-runner application than are the plain bronze- 
bushed bearings. Since the axial length of the roller bearings is 
short, the loads are uniformly applied and the unit loads may be 
readily computed. With the much longer plain bearings, the 
already high average unit pressures are greatly increased by 
pressure concentrations due to deflection. While seizure of the 
plain bearings has not been common, a number of seizures have 
occurred, which condition constitutes somewhat of a problem. 
It is believed that any problems which may arise with the roller- 
bearing applications can be more readily solved than in the case 
of plain bearings. 

The waterproof grease used in the runner hubs is extremely 
tenacious, which, together with the slight angular movement of 
the bearings, should insure retention of a good lubricating film 
on the rollers. Reverse loads occur on the radial bearings when 
the wicket gates are closed with the turbine running. How- 
ever, these loads are kept below the normal loads by the admis- 
sion of air as described in the paper. The reverse loads do not 
occur as a blow, but rather change somewhat rapidly as the gates 
are closed from the speed-no-load to the fully closed position. 
The time interval is short but it is ample to prevent any action 
which might be termed a blow. 

In general, the author agrees with the comments of Messrs. 
Nagler and Roberts in regard to venting turbines by air admis- 
sion at certain gate openings and on shutdowns. Considerable 
venting of all types of reaction turbines is highly beneficial at 
low gate openings. Some venting of all fixed-blade turbines 
at intermediate loads up to nearly the point of best efficiency is 
also beneficial. From the standpoint of efficiency, venting at 
and beyond the point of best efficiency is ordinarily question- 
able, but a moderate amount of air is often used to alleviate the 
effects of blade and vortex cavitation. Venting becomes of in- 
creasing importance at values of the peripheral coefficient ¢ 
above its best efficiency value, as when operating under reduced 
heads. With adjustable-blade runners at normal values of ¢ a 
pressure usually exists under even the lower part of the head- 
cover cone over practically the entire load range, that is, down 
to very low gate openings, making it impractical to admit atmos- 
pherie air. A pressure lower than atmospheric may sometimes 
be produced by employing lips upstream of the vent openings. 
On future turbines, it is proposed to employ a scheme for venting 
the draft-tube vortex in a manner similar to that shown in Fig. 
11 of the paper. The use of a small amount of compressed air has 
been found beneficial on certain turbines to alleviate blade or 
blade discharge eddy cavitation. 

As Mr. Scoville points out, it is not absolutely necessary to 
open the blades when starting up an adjustable-blade turbine. 
However, exceptionally large gate openings, with resulting high 
thrust loads, are sometimes required to start a unit with the 
blades flat. The opening feature is certainly a distinct improve- 
ment. Cases have come to the attention of the author where 
the minimum angle of adjustable turbine blades had to be in- 
creased on account of starting conditions, particularly on low- 
head installations. It is also of interest to note in this connection 
that some of the largest Kaplan turbines in operation have been 
provided with special extra equipment to give the blades an ini- 
tial tilt before starting. The 18,000-hp turbines at the Vargon 
plant in Sweden, with runners 26 ft 3 in. diam, are provided with 
such equipment,}? also the 48,000-hp turbines at the Pickwick 


17Tow Head Produces High Capacity,’’ by George Willock, 
Power, December, 1939, pp. 74-76. 
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plant's in Tennessee with runners 24 ft 4 in. diam. The type of 
turbine described by the author performs this function auto- 
matically without extra equipment, due to the method employed 
in pivoting the blades. 

Mr. Scoville states that Kaplan-type turbines are usually ar- 
ranged so that the blades close in about 60 sec, and claims this to 
be an advantage in a plant with a relatively long penstock, the 
advantage being a lesser pressure rise in the penstock as a result 
of dropping load. Upon first thought there would appear to be 
a considerable difference as cited. However, referring to Mr. 
Scoville’s Fig. 16, the time required to drop from full load to one- 
half load would be reduced in the case of the Kaplan turbine by 
nearly the same ratio as the reduction in discharge, so that the 
rate of reduction in discharge per second, which determines the 
pressure rise, would be only slightly less for the Kaplan than for 
the automatic adjustable-blade type. In each case it is assumed 
that the loading and gate timing is the same. In the case of 
full-load rejection, the total change in discharge is made in the 
same length of time. Consequently, the average pressure rise 
would be approximately the same in either case. An exact 
analysis of the conditions will reveal that, with the automatic 
type, the rate of reduction in discharge may be slightly higher 
at the higher gate openings but that the rate reduces somewhat 
as the gates approach their closed position, resulting in a very 
desirable action, similar to that produced by cushioning the clos- 
ing end of the gate stroke. 

In every case investigated by the author, the operating char- 
acteristics of the automatic adjustable-blade-type turbine, which 
affect governing, are equal or better than those generally ob- 
tained. In this connection, reference is made to the discussion 
by Mr. Adams in which it is pointed out that the 10,000-hp Aus- 
tin turbines will be used for the frequency control of a 175,000- 
hp system, due partly to their excellent governing properties. 
The WR? of each Austin unit is only about 3 per cent of the total 
of all units of the system. The penstocks at Austin are about as 
long as any usually encountered with adjustable-blade turbines. 
From tests, the pressure rise when dropping full load in 3 see was 
about 34 ft and the speed rise about 31 per cent. 

The necessity for designing the generator for the highest pos- 
sible runaway speed that could occur, if the blades were deliber- 
ately blocked at a relatively flat angle, is somewhat controversial. 
This question was brought up by Messrs. Scoville and Sharp. 
At full runaway speed the author’s analysis shows that the forces 
on a blade are principally in the form of a couple, consisting of 
upward forces near the leading edge and downward forces, of 
only slightly greater magnitude, near the discharge edge. If 
that analysis is correct, the couple moment would be the same, 
irrespective of the location of the axis. That is, there would be 
a very strong tendency for the blades to open with either the old 
or new location of the blade axis. However, there are two fea- 
tures of the automatic type which make it inherently less likely 
for the blades to stick in their highest speed position: (a) The 
friction moment of the roller bearings used is only a small frac- 
tion of that of plain bearings; (b) a low operating fluid pressure 
is used and the arrangement is such that the fluid cannot become 
‘locked in,”’ as it could in the case of a piston-type valve, such as 
is employed with the high oil-pressure type of operation. 

Referring to Fig. 17, Mr. Sharp seems to have confused the 
runaway-speed characteristics of the automatic-type turbine 
with its operation at normal speed under reduced heads. Con- 
sequently, his conclusions in regard to the advantages of a Kap- 
lan turbine under subnormal heads are incorrect. High unit 
speeds, high values of peripheral coefficient ¢, may be produced 


18 “A Technical Review of the Pickwick Landing Project,’’ Techni- 
cal Monograph No. 40, Tennessee Valley Authority, March, 1939, 
exhibit 21. 
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either by overspeed at high heads or by low-head operation at 
normal speed. It is only in the case of speeds above normal that 
the blades of the automatic turbine open to reduce the amount 
of overspeed. When operating at normal speed under reduced 
heads, the more or less constant pressure applied to the reactive 
piston causes the blades to assume flatter positions, with respect 
to gate opening, than their positions at the higher heads. This 
may, perhaps, be better visualized by stating that, as experimen- 
tally determined, the “reactive moment” required for each of the 
developed designs of the automatic turbine at variable heads 
and loads is approximately equal to the cube of the runner di- 
ameter, times the square of the speed, divided by a constant, Rb 
= D3N?/K. Thus, for variable-head operation at constant 
speed, the application of a constant reactive pressure tends to 
make the gate-blade relation vary correctly with the head as well 
as with the gate opening, in such a way as to maintain both ef- 
ficiency and power at values approaching those theoretically 
possible. As a result, the turbine may operate to produce power 
down to a very low head, the same as is accomplished with the 
Kaplan type by changing cams, until the value of ¢ equals the 
highest value obtained with the blades nearly closed. That 
value may be from 2.3 to 2.5 times its normal value, or even 
higher, depending upon the number and camber of the blades. 

Mr. Sharp also appears to have found from his model tests 
that a better shape of efficiency curve is obtained as a result of 
pivoting the blades further downstream than is nece:sary with 
the automatic type. The author does not find this to be the 
case. The results of the Austin tests, Fig. 18 of this closure, 
rather indicate that there is little increase in the leakage losses 
through the increased clearances at the periphery of the blades 
as they approach their open position. The reason for this ap- 
parent difference in characteristics may possibly be due either to 
a difference in camber or to a difference in the shape of the throat 
ring. The effect of increased clearance may be offset, in the 
author’s opinion, by giving the blades of adjustable runners a 
little more camber than for fixed-blade runners. With the pro- 
portions of throat ring and blade-axis location adopted for the 
Austin turbines, Fig. 10 of the paper, the maximum clearances of 
the runner with the throat ring, for the open position of the 
blades, are kept to quite reasonable values. The throat, mini- 
mum diameter of the water passage, is located well below the 
blade axis, opposite the discharge edge of the blades when open. 
The clearance at that point is about 2.5 per cent of the runner di- 
ameter, i.e., about the same as is used with Kaplan turbines. 
The corresponding clearance at the leading edge of the blades is 
about 1 per cent, somewhat smaller than is customary with Kap- 
lan turbines. The smaller clearance at the leading edge should 
have an advantage in decreasing the danger of a trash jam at 
that point. 

Mr. Sharp has properly called attention to the effect of cen- 
trifugal force in giving the blades a tendency to move to their flat- 
test position. This effect is more pronounced with the wider 
blades, such as are employed with the four-blade types, but the 
resulting closing moments about the blade axes are not large 
when compared with the hydraulic moments. In the case of 
the automatic-type turbine, it simply has the effect of reducing 
slightly the required reactive pressure. 

Mention was also made of the blade-servomotor capacity. 
It is interesting to compare the capacities required with the 
Kaplan and automatic types. The author’s analysis of sey- 
eral large Kaplan installations shows that the average re- 
quired blade-servomotor capacity, based on piston displacement 
and supply pressure, may be expressed by the formula, S = 
20 PN.‘ + \/H, where S is the servomotor capacity in foot- 
pounds, P the brake horsepower of the turbine, N; the specific 
speed, and H the operating head. For the author’s type turbine 
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a servomotor capacity of 3.33 PN.’ + \/H, is quite ample, or 
one sixth that of the Kaplan. The Kaplan servomotor is double- 
acting, while that of the automatic type is single-acting, 
resulting in a true capacity ratio of 12 to 1, on an energy-supply 
basis. 

The Austin turbines were originally provided with a cam- 
operated auxiliary-control device to vary the pressure supply to 
the balance piston, if that was found necessary. The units were 
at first operated at 20-psi reactive pressure without the use of 
that device. However, it was found from the preliminary tests 
that the use of the auxiliary control would result in a substantial 
improvement in efficiency at certain loadings. The official tests 
were made with the auxiliary-control device in operation, the 
actual reactive pressure varying from 14 to 35 psi. Such a de- 
vice seems to be desirable, particularly for the higher head ap- 
plications of the automatic type where the greatest variation in 
the required reactive moment was found from the model tests. 
The auxiliary control of the reactive pressure is rather simple in 
design and its use does not in any way affect the several basic 
advantages of the automatic adjustable-blade-type turbine. 
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Several important improvements in designs have been made 
since the paper was prepared. These include an external con- 
trol valve for varying the reactive pressure, in contrast with the 
internal valve used at Austin. This valve is operated by an ad- 
justable cam on the gate-operating ring and has a follow-up con- 
nection for blade movement. It acts to position the blades posi- 
tively in accordance with a predetermined gate-blade relation, 
irrespective of the friction of the runner mechanism and irrespec- 
tive of the variations in the blade hydraulic moments with load 
and head that were mentioned in the paper. 

Design details have been prepared for a unit rated 40,000 hp 
120 rpm 70 ft head to operate under heads varying from 50 to 80 
ft. The latter head is at present considered to be the upper 
limit for the application of the automatic-type turbine. 

In closing, the author wishes again to recognize the contribu- 
tions of the discussers. He also wishes to thank the personnel 
of the Kanawha Valley Power Company and the Lower Colorado 
River Authority who cooperated wholeheartedly and to whom 
much credit is due for the successful applications of this type of 
turbine. 
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Production of Seamless Tubes by Combined 
Effects of Cross-Rolling and Guide Disks 


By W. TRINKS,! PITTSBURGH, PA. 


From the various methods of producing seamless tubes 
the author has selected the Diescher elongator mill as the 
basis for discussion in this paper. For a better under- 
standing of this method of tube production, the most 
recent Diescher mill installation at Allenport, Pa., is de- 
scribed in some detail. Following this the theory of cross- 
rolling and guide disks in the process of tube manufacture 
is explained. 


MONG the various seamless-tube-manufacturing processes, 
the Diescher elongator holds the center of interest because 
it materializes the long-unrealized dream of the Mannes- 

mann brothers to produce a finished tube by cross-rolling. 

In this connection, it will be remembered that, in 1885, the 
Mannesmann brothers of Remscheid, Germany, introduced their 
epoch-making invention whereby the production of seamless 
tubular blanks was made feasible by cross-rolling. This practice 
is universally known among English-speaking technicians as 
“eross-roll piercing.” 

Great hopes were originally expressed for the new rolling 
process. It was even expected by some that a finished tube could 
be made in one pass from a round ingot. Not only did this ex- 
pectation fail of realization, but the use of cross-rolling in the de- 
sired heavy reduction of both wall thickness and diameter met 
the same fate. The cross-roll-piercing process did, however, 
most spectacularly and effectively deliver comparatively thick- 
walled blanks, which to be converted into finished tubes required 
some yet-to-be-discovered procedure. Finally, after many dis- 
couraging highly expensive, and time-consuming endeavors, a 
step-by-step forging process was invented by the Mannesmanns 
which accomplished the desired tube-forming operations. 

This second procedure involves what is universally known as 
the “‘pilger mill,’ which received its name from the fact that the 
blank passed through the mill with a motion similar to that of the 
pilger (pilgrims) who, to demonstrate the depth of their piety, 
went to the shrine at Amdernach five steps forward and three 
steps backward. 


Earuy Prucer or Poke MILs 


In the United States, the early pilger mills were called ‘‘poke 
mills,”’ which term arose from the fact that these early mills were 
hand-fed and required the operator to push forward or poke 
the mandrel with the shell on it into the mill after each roll stroke 
of the bell-shaped pass machined in the rolls. 

Those who are familiar with the early history of the production 
of seamless tubes in the United States will remember that, in the 
piercing mill, Stiefel, a Swiss engineer employed at the British 
Mannesmann Works, substituted overlapping truncated conical 
members, provided with sidewise working faces, for the barrel- 
type cross-rolls ofthe Mannesmanns. When Mr. Stiefel emigrated 
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to the United States, he introduced this highly creditable 
innovation. During his many years of fruitful life in this country, 
he was regarded as the dean among seamless-tube experts. In- 
troducing slippage between the rolling faces and the billet per- 
mitted the material to flow into length more easily, whereby a rea- 
sonably thin-walled blank was produced. To be converted 
into a product suitable for cold-drawing, this blank required 
but a few passes in a plug mill. To be converted into an hot- 
finished product required, in addition to the plug-rolling, a reel- 
ing and then a sizing operation. Thus, methods other than cross- 
rolling had to be used by the Mannesmanns as well as by Stiefel 
for bringing the pierced blank to final cross section and length. 

Almost 50 years elapsed after the Mannesmanns made hollow 
blanks by cross-roll piercing, before Samuel E. Diescher of Pitts- 
burgh succeeded effectively in elongating a pierced blank into a 
thin-walled tube by cross-rolling. As in the case of the Mannes- 
manns, his mill acquired a name descriptive of the operation 
performed, as interpreted by men skilled in the tube art; this 
term was “elongator.’’ The elongator has been briefly described 
in the literature, but the details of the construction, as well as 
the theory underlying this new method of plastic deformation, 
have never been published. 

In reviewing the rather extensive patent structure which has 
thus far appeared in public print, the author has discovered that 
many of the later features of the process are inventions of the 
originator’s brother, August P. Diescher. Therefore, as was the 
case with the Mannesmanns, here again we have the work of 
brothers. 


DiescHEeR ELoNGATOR MrtTHop 


The Diescher elongator method requires cross-rolls arranged in 
a manner generally similar to those of Mannesmann. A pierced 
blank enters the mill on a freely floating mandrel on which it is 
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then cross-rolled, Fig. 1. The feature of the mandrel, moving 
in the forward direction during the procedure, seems to be a de- 
parture from the Mannesmann concept. However, that feature 
alone would not have made the Diescher procedure feasible. To 
explain this requires first of all a clarification of what occurs in 
cross-roll deformation. 

The cross-rolling process is inherently an expanding process, 
because the contact area between roll and blank is long in the 
direction of tube travel, and is short in the direction of roll travel. 
As a consequence of the laws of plastic flow, the resistance to 
“bulging” is much smaller than the resistance to elongation of 


Fie. 2 


ELoncator Unit ar PLANT or PirrspurcH Srrri Com- 
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the product. As a matter of fact, solely by cross-rolling on a 
floating mandrel there could be expected at best, under the 
extent of deformation performed by the elongator, a tube of un- 
controlled expansion and of much larger diameter than that of the 
pierced shell. In the Diescher mill, this expansion is prevented by 
the elongator disks, which by frictional contact with the blank not 
only prevent uncontrolled expansion, but also pull the blank for- 
ward and convert the expanding tendency of the cross-rolls into 
elongation of the tube. With any circumferential speed of the 
cross-rolls and any practicable angularity of the setting thereof, a 
tube issuing therefrom must travel at a much lower rate of speed 
than the circumferential speed of the cross-rolls. The inference 
is natural that the elongator disks should run at a speed but 
slightly higher than that at which the work material issues, so 
that the friction will just pull the tube blank along, without doing 
more work than necessary. However, that inference is incorrect. 
The circumferential speed of the elongator disks is required to 
exceed greatly even the circumferential speed of the cross-rolls. 

Moreover, there is likely to be drawn another erroneous con- 
clusion. It might be reasoned that, since the elongator disks are 
intended to prevent tube expansion, they should be set to prevent 
any and all expansion, so that the finished tube will hug the 
mandrel tightly. In reality, the work material is allowed to ex- 
pand away from the mandrel, at the same time, however, requir- 
ing precision control of such expansion. Both of these somewhat 
surprising facts merit discussion. First, however, a detailed de- 
scription of the equipment will be given to aid in a better under- 
standing of the entire subject. 


Deraits or Larest-Typr ELonGaror Unit 


Fig. 2 shows the elongatorunit in use at the Pittsburgh Steel 
Company’s plant at Allenport, Pa. This installation is the most 
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recent to be placed in operation in the United States. Also, the 
Allenport works is the only plant throughout the entire industry 
at which there may be seen both the Mannesmann and the 
Diescher practices. The plant equipment includes a large- 
sized Mannesmann piercing mill, working with comparatively 
large-diameter ingots, as contrasted with the prerolled rounds 
used in the Diescher mill. Conjoined therewith is also a pair 
of pilger mills, which embody the second notable Mannesmann 
principle of tube making. Further details of the Mannesmann 
contribution to the art are unnecessary for purposes of this 
paper since their significance is principally historical. 

The photograph from which Fig. 2 is reproduced was taken 
from a position near the racks where the elongated product is 
accumulated for crane transportation to locations in the plant 
where final processings take place as, for instance, cutting to 
length, sinking, upsetting, cold-drawing, inspecting, and testing. 
In the upper left-hand part of the illustration appear the heating 
furnace, the piercing mill, and the transfer equipment from the 
piercer outlet to the elongator inlet. Of the pair of large motors, 
appearing nearer the foreground and toward the left-hand region 
of the picture, the one farther removed from the foreground 


Fig. 3 


ASSEMBLY OF ELONGATOR STAND 


drives the piercer cross-rolls and the other drives the elongator 
cross-rolls, 

Fig. 3 is a view of the elongator stand while undergoing assem- 
bly in the machine shop prior to being set up as part of the 
elongator unit shown in Fig. 2. In this illustration, the main 
stand is shown in the reverse position to that which it occupies 
in Fig. 2,i.e., its entry side is seen in Fig. 3, whereas, its exit side 
is in view in Fig. 2. 

In detail, Fig. 3 shows the main bearings at the nondriven 
ends of the cross-rolls; the arrangement of main screws, which 
for the sake of preventing any rocking of the main bearings are 
applied in pairs; and the screw rig for vertical adjustment of the 
upper guide disk. Because of the height of this rig above floor 
level, it is operated by hand chains and so arranged as to encircle 
a well located at the middle of the housing cap through which 
crane slings can be lowered for removing the guide disks from their 
shaft mountings when their renewal is required. Between the 
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two pairs of main screws, Fig. 3 also shows a window giving access 
to the guide disks on the side in view, and entry for the guide- 
disk-drive spindles on the side opposite thereto and not in view. 

The hand wheel, appearing centrally below the upper guide- 
disk-screw rig, is for clamping the upper guide-disk carrier rigidly 
in position, following its adjustment by the screw rig mentioned. 
The hand wheel appearing at the left of the one just mentioned 
is for adjusting the guide disk with its bearings sidewise of the 
vertical plane of the pass axis, the purpose of which adjustment 
will be explained later. 

Immediately below the hand-wheel adjustment last men- 
tioned and near the bottom of the stand is a companion adjust- 
ment which serves in the same manner as the upper one; but in 
this case in connection with the lower guide disk. 

The hand wheel arranged at the right-hand side of the main 
stand and connected by a horizontal reach shaft to the worm 
drive, set centrally of the bottom of the housing, is for clamping 
the lower guide-disk carrier in a manner similar to that pre- 
viously described as pertaining to the upper guide disk. 

Finally, the hand wheel, on the vertical shaft centrally located 
in relation to the window opening at the right-hand side of the 
stand, is provided for the vertical adjustment of the lower guide 
disk. All these adjustments are duplicated on the side of the 
stand which is hidden from view. 

The guide opening, indicated by an arrow, provides entry for 
the workpiece into the pass located centrally of the stand and 
formed by the opposed faces of the cross-rolls and of the vertically 
opposed faces of the guide-disk rims; on the opposite side of the 
stand there is another such guide which provides for the exit of the 
workpiece. 

Comparing the size of this main stand with the size of the man 
standing alongside it gives an idea of its massiveness. The stand 
must be massive to prevent harmful give to the working elements, 
especially in the working of a thin-walled product accurately to 
size. 

Referring again to the general view Fig. 2, it will be observed 
from the location of the crossover skids leading from the piercer 
outlet to the elongator entry, that the workpiece, after leaving 
the furnace, must travel alongside and beyond the piercer before 
entering it. After leaving the piercer, then traversing the cross- 
over skids, and entering into and finally passing out of the elon- 
gator stand, it will also be noted that, in its elongating course, 
the workpiece travels in the opposite direction to that in which 
it proceeded through the piercer. This procedure was adopted 


because with thin-walled piercing, the shell tends to become 
somewhat smaller in diameter at its exit end than throughout its 
general course, which created a condition inviting chilling under 
the closer approach of the walls at this narrowed end to the 
elongator-mandrel surface. By causing that end to enter the 
guide-disk pass first, there is not the amount of time for chilling 
to take place that would occur if the direction of workpiece 
travel for both piercing and elongating was the same. 

Obviously, before the pierced shell may be entered into the 
elongator, a mandrel bar must be strung through it. In the 
right-hand background of Fig. 2 may be seen a number of these 
bars resting on the mandrel-cooling or storage bed. As soon as 
a mandrel has been advanced from the bed to its position within 
the pierced shell, both shell and mandrel enter the elongator 
pass and are fed through it, traveling along between the elonga- 
tor-drive spindles, thence through a passageway provided in 
the drive-gear housing, which can be seen in the center of the 
illustration, and finally forward along the runout table the 
drive of which appears in the left-hand foreground. By flag- 
switch control, the three-arm star-throwout rig, appearing im- 
mediately next this runout table, directs the finished tube with 
the mandrel still inside it across skids to a chain transfer and 
from that mechanism to another table which is parallel with the 
runout table but operates in the reverse direction. This latter 
table passes the tube and mandrel toward the rear to a pinch-roll 
stand which can be seen at the end of the table. At this point, 
the mandrel is extracted from the tube and proceeds along its 
course and is finally, by means of a star throwout, transferred to 
the mandrel storage and cooling rack. 

By means of another star throwout, the tube from which the 
mandrel was extracted is moved sidewise into the finished- 
product storage rack, shown at the right, from which the product 
is removed in crane-load batches for further processing, as pre- 
viously described. 

Beyond this tubular product storage rack and midway between 
it and the background is shown the elongator guide-disk-drive 
motor. 


Turory or Cross-RoLiine SEAMLESS TUBES 


In a vertical plane, the cross-rolls are set at an angle of 6 deg 
with the direction of travel of the tube. Ordinarily and with no 
allowance for slip between cross-rolls and tube, the latter would 
travel (sin 6 deg) times the circumferential roll speed. A typical 
roll speed is 800 fpm, which makes the tube-delivery speed equal 
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to 0.105 X 800 = 84fpm. Actually, the tube travels at a higher 
speed, i.e., approximately 100 fpm. Thus, the effect of the for- 
ward drag by the elongator disks becomes apparent. 

The speed at which these disks operate gives rise to interesting 
speculation. The originator of the mill reasoned as follows: 
Thin-walled tubes tend to climb into the gap a, Fig. 4,and thereby 
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become scrap, unless frictional resistance to revolving motion 
(arrow 6) is minimized. The resistance is wholly absent if, in the 
diagram of motion Fig. 5, origin 1 and terminal 2 of the travel of a 
point on the tube surface are equally distant from point 3, which 
is the location of point 1 of the disk when the corresponding con- 
tact point of the pipe blank has arrived at 2. Geometrically (1) 
(3) is (1) (4) divided by sin a. Since equal intervals of time 
enter into the movements (1) (2) and (1) (8), velocities may be 
substituted. If, for instance, the peripheral speed is 800 fpm, 
the disk speed, according to this rule, should be 400/(sin 6 deg) = 
400/0.105 = 3810 fpm. Actually, a lower speed, about 2300 
fpm is used for the disk. At that speed, push by the cross-rolls 
is small when compared to the pull by the elongator disks. 

To clarify this theory yet further, the following reasoning will 
be helpful: Referring again to Fig. 5, it will be seen that the 
cross-rolls move a point on the tube surface across the disk along 
the path (1) (4) (2). The problem is: How fast must the disk 
move so that the tube blank will be dragged along the path (1) 
(4) (2) by the disk, instead of being pushed across by the cross- 
rolls? The answer is the same as before. 

This derivation is based upon the elementary laws of solid 
friction, which teach that the friction coefficient is independent 
of the speed. However, phenomena occur in the elongator mill 
which, although not yet investigated quantitatively, should at 
least be mentioned. Contact between hot steel, such as the tube 
blank, and the much cooler rolls, as well as the disks, lowers the 
surface temperature of the blank, Compression and deformation 
raise the temperature of the blank. Local friction between rolls 
or disks and blank also raises the temperature of the surface of 
the blank. This would be unimportant, but for the well-known 
fact that the friction coefficient between a roll and a hot-steel 
blank drops rapidly as the temperature of the surface of the 
blank rises, and vice versa. 

The problem of ascertaining the surface temperature of the 
blank at the instant (and it is only an instant) of contact, is so 
filled with practical difficulties that no accurate measurements 
are available at the present time. One thing is certain, that 
control of the frictional phenomena has played an important part 
in the development of the elongator mill. While the instantaneous 
surface temperatures at the contact are not known, the more 
easily observed temperatures of the entering blank and tube at 
exit are known in a general way. For instance, it is known that 
the tube which emerges from the Diescher mill has a higher 
temperature than the blank which entered, whenever the elonga- 
tion ratio substantially exeeeds the value of 2 with present 
speeds. 
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Position or Disks 


The speed of the disks having been disposed of, we shall now 
consider their position. At first, they were set with the same 
clearance as the cross-rolls, i.e., allowing only for the two wall 
thicknesses of the finished tube. Experience quickly taught that 
they must be set with greater clearance. It is undesirable to 
have the tube rolled tightly on the mandrel, for several reasons. 
With a tightly fitting tube, the mandrel becomes hot, the resist- 
ance to forward sliding of the tube on the mandrel during the 
rolling process is increased, and there is difficulty in removing the 
finished tube from the mandrel. In addition, the metal of thin- 
walled tubes tends to crowd into the gap or cleft between the 
cross-roll and the elongator disk, because the friction between the 
mandrel and a tightly fitting tube hinders elongation. Briefly 
expressed, the setting of the cross-rolls determines the wall 
thickness, while the setting of the elongator disks determines the 
diameter of the tube. An economic corollary is that the diame- 
ter of the mandrel may vary within wide tolerances, with the 
proviso that the mandrels used for one given roll setting must 
all be alike in diameter. Since the mandrels stay comparatively 
cool, they are not substantially deformed by the rolling process, 
but there is some wear. In consequence, no mandrel conditioning 
is required beyond that attainable by centerless grinding. 

The problem of disk setting can be further elucidated by giving 
a few settings from actual practice. To roll a tube 21/,¢ in. 
diam and 1/;¢ in. wall thickness on a 17/s-in-diam mandrel, the 
cross-rolls may be set apart 2 in. at the throat and the guide 
disks about 21/3 in. apart at their closest approach. The result- 
ing tube would be 21/,5 in. diam, with 1/16 in. wall thickness, and 
would provide 1/1. in. of the diam to be removed in sizing to a 
2-in-diam product. 

To roll a tube 27/3 in. diam XX 3/s2 in. wall thickness on a 
2°/s-in. mandrel, the cross-rolls would be set apart 213/\5 in., and 
the disks about 21/15 in.; with a 2%/1e-in. mandrel, the cross- 
rolls could be set apart 23/, in. and the disks 3 in., although this 
is not the best practice. 


SHaPe AND Larerat Position or ELONGATOR Disk 


A few words should be said about shape and lateral position 
of the elongator disk. Since the tendency of the tube wall (par- 
ticularly a thin tube wall) is to work into the gap between the 
cross-roll and elongator disk, it is highly desirable to reduce the 
width of that gap to a minimum. This feat is accomplished by 
making the disk one-sided, e.g., with one edge longer than the 
other, as shown in Fig. 4. In addition, the disk is adjustable side- 
wise for the purpose of obtaining the best location for each size 
of tube. 

Several years ago, when the author first studied the Diescher 
elongator mill, he felt that the great relative rubbing speed be- 
tween elongator disk and tube might have two undesirable ef- 
fects, ie., excessive wear of disk and excessive power consump- 
tion. In the beginning, the design and material of the disks 
offered a problem which, however, was soon solved by welding a 
rim of austenitic steel to a soft-steel center. The rim contains 25 
per cent chromium and 12 per cent nickel. One set of disks has 
rolled as many as 20,000 tubes before having to be reconditioned. 
Reconditioning is required, because the disks ultimately become 
deformed in profile and thus become rough, whereby free circum- 
ferential flow of the tube material along the disk profile is ob- 
structed. The tube wall then tends to work into the gap or cleft, 
and so-called “disk wipes” occur in the finished tube. The con- 
tact time between disk and tube is about 1/159 sec. This time does 
not afford opportunity for heat penetration into the disk. Several 
methods are in use for fastening the disks to their shafts. One 
method is illustrated in Fig, 4. 
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PoweER REQUIRED FOR ROLLING OPERATIONS 


With regard to power consumption, the following data are 
available. The rolling of thin-walled tubes requires more power 
per unit of volume times elongation in unit time than the rolling 
of the thick-walled product. 

The power required per net ton of product also varies with the 
size of product being made. For example, in rolling common- 
steel pierced blanks of 3 in. diam and 0.266 in. wall to a product 
of 25/; in. diam and 0.125 in. wall at the rate of about 1.7 fps 
out of the elongator pass and produced at the rate of 240 pieces 
20 ft long per hr, there would be required about 800 kw of power 
for all drives, including table drives of the elongator. 

Among data regarding the consumption of power in elongating 
per se, and therefore dealing solely with that required for driving 
the cross-rolls and guide disks, the following figures should be of 
value: In elongating to 0.09 in. wall thickness, about 95 hp are 
required per cu in. of metal displaced per sec; whereas, in elon- 
gating to double that thickness about 70 hp are required per cu 
in. displaced per sec, the guide disks consuming about 25 per cent 
of the power consumed by the cross-rolls. 

Closely allied with disk wear and power consumption is the 
cost of tooling. The smaller the diameter and the wall thickness 
of the product, the higher is the cost of tooling per ton of product. 
At present, the cost of all tooling in rolling the 2°/s; x */s-in. 
wall tubing, mentioned under power consumption, is about 
$1.10 per net ton of product. This includes all items such as 
rolls, disks, mandrels, etc., and is expected ultimately to be sub- 
stantially reduced. 

For the sake of completeness, additional questions must be 
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discussed briefly; one is the diameter of the cross-rolls, They 
must be rigid erfough to roll the thinnest practical tube without 
noticeable deflection, even if the temperatures among the blanks 
vary. Designers prefer to be on the safe side and make them 
somewhat larger than the needed neck diameter implied, rather 
than too small. The next question is that of greatest possible 
elongation. The Diescher elongator has rolled with 5 elongations, 
which means that the delivered tube is 5 times as long as the 
entering hollow blank. In practice, such extreme elongations 
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are not used. The average elongation is about 2, which means 
that the tube has twice the length of the hollow blank. In this 
manner, piercer output and elongator output are about alike, and 
the highest rate of combined production results. 


Concentricity or DiescHeR Mitu TuBes 


The elongator mill has gained a reputation for producing con- 
centric tubes. This statement may be discussed from two angles, 
viz., the importance of concentricity, and the reasons why the 
Diescher mill attains it. The importance of concentricity is 
realized by all consumers of tubing and therefore need not be 
stressed here. The next question is: Does the elongator produce 
concentric tubes and, if so, why? The fact that it produces 
concentric tubes may be judged from Fig. 6, which shows a tube 
that had been rolled part way from an eccentric blank. The 
latter had been bored out of center. The reason for rolling a 
bored blank instead of a blank produced by cross-rolling is that a 
uniformly eccentric blank cannot be obtained from a piercing mill 
because, in the latter, the piercing plug meanders, following for- 
tuitous soft spots caused by nonuniform heating or segregation. 

In turning now to reasons for the concentricity of tubes rolled 
on the elongator mill, it is conceivable that, when the tube blank 
first enters, an eccentric blank would vibrate the mandrel with 
high frequency, whereby resisting forces are produced which, in 
conjunction with the well-known fact that thick walls are more 
easily deformed than thin walls, tend to reduce the eccentricity 
of the workpiece. Furthermore, a thick wall portion introduced 
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into the cleft between the rolls and the mandrel emanates there- 
from more pronouncedly than its companion thinner wall portion, 
rubs harder against the elongator disks, becomes hotter, and is 
more easily turned into length. By the combined effect of these 
actions, the mandrel becomes centered by the time the tube is 
traversing the long finishing pass, which in Fig. 7 reaches from C 
to D. From then on, the remainder of the tube (which means 
almost the entire length) is forced through the spaces between 
the rolls and a concentrically held mandrel, whereby concentricity 
is obtained. It goes without saying that concentricity as used in 
practice is a relative term, and that maximum approach to per- 
fect concentricity requires maximum rigidity of the mill. 


CoNCLUSION 


In conclusion, we may consider the economic side of the 
matter: Under what conditions should existing equipment be 
replaced by an elongator mill? Up to the present time, this 
question has not arisen in practice, because the four mills which 
are now in operation were installed as additional equipment for 
the purpose of making a product which heretofore could not be 
made, i.e., a hot-rolled, seamless, concentric tube with very 
smooth surfaces. Upon inquiry the author discovered that the 
patent owner, the Diescher Tube Mills, Inc., has a very commend- 
able policy; new licenses seem unlikely to be solicited unless the 
existing mills cannot cope with the demand. 


Discussion 


A. B. Cox.? In the Diescher tube-rolling machine, as in steel- 
rolling processes in general, successful operation is dependent 
upon relative values of external and internal friction. The great 
importance of this principle in the field of rolling materials may 
therefore justify some comment on this phase of the paper. 

At one point the author states that the theroetical derivation 
of relative speeds of cross rolls and longitudinal rolls is based on 
the assumption that the coefficient of external friction is inde- 
pendent of the speed, i.e., relative motion or slip, which pre- 
viously had been taken as zero. The writer knows of no experi- 
mental data which would justify this assumption of a constant 
coefficient of friction for all speeds. Regardless of whether the 
friction is dry or lubricated, experimental data show that the co- 
efficient of friction varies very widely with speed.? If the 
coefficient of friction between hot and cold steel is constant over 
any considerable range of speed, a citation to the data which show 
this should be of interest. 

The author also refers to the laws of plastic flow, which brings 
up the subject of internal friction. It is well known that, in 
general, the resistance of a solid to deformation varies with the 
rate of deformation. The ease of flow, or ‘“flowability” of the 
material, increases with increase in the rate of deformation; at 
least for low and intermediate rates of deformation. Conversely, 
the coefficient of viscosity (or coefficient of internal friction) de- 
creases.4 This is true of all materials for which data are avail- 
able. The coefficient of viscosity for all materials, solid, liquid, 
or gaseous, follows the same law. It is only when data are taken 
over a relatively limited range of speed that the coefficient ap- 
pears to be approximately constant in some cases. This is true 
even for water and for air. Hence, it is extremely probable that 
the coefficient of internal friction of steel, no matter how cold 
or how hot, varies greatly with rate of deformation. 


2 South Hills, Pittsburgh, Pa. 
’ “Journals and Bearings” section, L. S. Marks, Mechanical Engi- 
neers’ Handbook, third edition, 1930. Stribeck data for a lubricated 
journal, pp. 243, 244. 

* Refer to Bibliography on subject of ‘Friction,’ by Committee 
E-1, American Society for Testing Materials, 260 S. Broad Street, 
Philadelphia, Pa 
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Given experimental data for the curve of variation of speed 
versus coefficient of internal friction of steel at the temperature 
at which the metal is to be worked, and the curve of variation of 
the coefficient of external friction versus speed for hot or cold 
steel, would it not be possible to predetermine the relative speeds 
of the cross rolls and the elongator rolls of the Diescher machine 
for optimum performance with engineering certainty? It is 
the common impression among steel men that all mills of this 
general type are hard to get started in successful production on 
any but a product which has already been fully standardized in 
production. Apparently this is due to the difficulty of obtaining 
just the right relative tangential and longitudinal speeds. If 
the author can supply information which will refute this general 
opinion, it would be of value both to the tube manufacturer 
and to the manufacturer of the tube-rolling machine. 


C. W. Lrrrier.® From the writer’s investigations in the 
matter, it is evident that the Diescher elongator has contributed 
greatly to the advancement in the art of seamless-tube manu- 
facture. This is particularly true with reference to the ability of 
such a mill to maintain uniform wall thickness within very close 
tolerances. It is understood that elongations of 4 to 1 have been 
accomplished. No doubt the rotary disks add greatly to this 
possibility. The uniformity achieved on such a tube coming 
from the elongator has a beneficial effect on the reducing mill. 


G. A. Puc.’ The Diescher elongator finishes pierced blanks 
into seamless tubes, eliminating intermediate operations such as 
pilgering, plug rolling, and reeling. The plug-rolling and reeling 
intermediate operations are employed by most of the tube manu- 
facturers in this country. 

The urge to eliminate the plug-rolling mill, as a means of elon- 
gating pierced hollows, is a natural one, since the plug-rolling 
operation is irrational and contributes most of the difficulties 
usually considered inherent with the manufacture of seamless 
tubes. For the sake of clarity, it should be understood that the 
Diescher mill has been used for tube sizes having a maximum 
diameter of about 4 in. The hot finishing of tubes of light wall, 
smaller than 4 in. diam, has been a difficult problem and the 
Diescher development along this line is noteworthy. Qualities 
of the product, such as accuracy of wall thickness and reduction 
in the percentage of eccentricity, have made the unit a commer- 
cial success. j 

On the other hand, large-diameter hot-finished tubes have been 
successfully finished by cross rolling, as for example, by the ro- 
tary rolling method employed by the National Tube Company. 
As one of the developments of R. C. Stiefel, mention was made of 
it in a paper’ presented in 1928. The use of a second piercer, as a 
means of elongating pierced hollows, also has been widely em- 
ployed by all of the makers of large sizes of seamless tubes. 

It will be interesting to note the development in the Diescher 
mill as time goes on and to what degree it may be adapted for 
the production of large sizes of tubes. Certainly, there must come 
a day when the economic demand and the necessity for closer 
wall tolerances will force engineers to adopt methods which make 
such attainments possible. 


C. R. Sap.er.’ This paper has been of particular interest to 
the writer who was closely concerned in the installation of the 


5 Chief Engineer, Jones & Laughlin Steel Corporation, Pittsburgh, 
Pa. Mem. A.S.M.E. 

6 Youngstown, Ohio. Mem. A.S.M.E. 

*“The Manufacture of Seamless Tubes,’ by R. C. Stiefel and 
G. A. Pugh, Trans. A.S.M.E., vol. 49-50, 1927-1928, paper IS-50-7, 
pp. 17-22. 

§ American Munitions Division of American Type Founders, Inc., 
Elizabeth, N. J. 
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first elongator, and for several years was personally familiar 
with its operation. As the author states, this is the first time the 
theory underlying the ‘‘elongator” method of producing tubes 
has been published. The statements in his paper are borne out 
by the writer’s experience. 

While this paper makes mention of the concentricity of the 
tubes produced by this process and refers to tests made with an 
eccentrically drilled blank, the actual wall measurements of the 
blank in question were not stated. It may be of interest to know 
that these wall dimensions were as follows: 


13 120 in. minimum 
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: 0.095 in. minimum 
PAY Gorse OCCSSIN Dearne nents e <> GilO4 ait es asian 


Another advantageous feature of the elongator method is - 


the smooth interior surface of the product. Internal scratches 
have always been the bugbear of the seamless-tube industry, 
and no satisfactory method has been devised for their removal. 
For this reason, a method of hot rolling was sought in which 
scratches could not occur. Naturally, attention was turned to 
the idea of rolling tubes over a smooth bar rather than over a 
plug. Of the various methods of accomplishing this, the elongator 
method has proved to be the most satisfactory. The reason for 
this will be apparent from a study of Fig. 1 of the paper. It will 
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be noted that there is but a slight sliding movement between the 
tube and the bar, and that the tube is in momentary rolling con- 
tact with the bar at only two points during the operation. Thus, 
there exists no tendency to produce scratches or scores in the 
tubes. Not only is this a very desirable feature in the production 
of hot-finished tubes, but where tubes are subsequently cold 
drawn it results in the production of superior tubes with fewer 
cold-draw passes. 

Another feature is that, while the process is suitable for any 
size tube, smaller hot-finished tubes have been successfully pro- 
duced by this method than were possible before its introduction. 
The advantage of this will be apparent to any tube manufacturer 
who has had experience with the difficulties inherent in hot 
sinking. 

AuTHOR’s CLOSURE 

The constructive character of the discussion which has been 
offered on the present paper is very much appreciated. Addi- 
tional facts have been presented and they are helpful in the under- 
standing of the process. 

Mr. Cox recommends that additional research work be done 
on the friction between blank and rolls and also on the internal 
friction within the blank. Information on these problems has 
been accumulating for some time but as yet is not adequate for 
presentation. 
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The Flow of Saturated Water 
Through Throttling Orifices 


By M. W. BENJAMIN! anv J. G. MILLER,? DETROIT, MICH. 


In this paper are presented the results of tests to deter- 
mine the flow characteristics for saturated water and for 
various mixtures of saturated water and steam through 
sharp-edged thin-plate orifices. Tests show that the ac- 
tual flow of saturated water through these orifices is con- 
siderably greater than would be expected from theoretical 
calculation based upon a change of state and that no criti- 
cal back-pressure condition is evident over the range of 
initial pressures considered. Primarily, this investigation 
was intended to determine the feasibility of using throt- 
tling orifices alone or in combination with float-operated 
drainers for regulating the draining of condensate from 
feedwater heaters. The tests which form the basis of the 
paper have provided sufficient information to permit the 
derivation of practical design formulas, which have been 
used successfully in several instances by the authors’ com- 
pany. These test data apply only to throttling orifices 
and should not be used to design orifices for metering pur- 
poses. An Appendix to the paper shows the application of 
the formulas to the design of a single-stage orifice to drain 
the condensate from a feedwater heater, and to the design 
of an orifice to be used in series with a float-operated 
drainer. 


ARLY in 1939, the authors became actively interested in the 

flow of boiling water through pipes in connection with the 

rapiderosion of elbows in heater drain piping on a 60,000-kw 
steam turbine. After some study, it was found that erosion was 
a function of the amount of flashing and the quantity of water 
flowing in the pipe, and interest in the subject was intensified by 
the indication that certain operating difficulties with float-oper- 
ated condensate drainers also might be traced to the phenomena 
encountered with water flashing into steam in the drainer dis- 
charge pipe. 

In a paper’ by Bottomley, the suggestion was made that orifices 
could be used in place of float-operated traps for draining feed- 
water heaters. Such an application would eliminate the operat- 
ing troubles with traps and, if the orifices were installed at the 
end of the drain line rather than at the beginning, would prevent 
erosion in the piping. , 

While the theoretical analysis of the flow of saturated water 
(water at saturation temperature and pressure) through orifices, 
which assumes a change of state in the orifice, seemed straight- 
forward enough, the limited published test data showed the actual 
capacity of an orifice passing saturated water to be several times 
greater than its theoretical capacity. Since the available test 


1 Engineer, Engineering Division, The Detroit Edison Company. 
Mem. A.S.M.E. 

2 Engineer, Engineering Division, The Detroit Edison Company. 
Jun. A.S.M.E. S 

3 ‘Plow of Boiling Water Through Orifices and Pipes,’ by W. T. 
Bottomley, Trans. North-East Coast Institution of Engineers and 
Shipbuilders (England), vol. 53, 1936-1937, pp. 65-100. 

Contributed by the Power Division, and presented at the Annual 
Meeting, New York, N. Y., December 2-6, 1940, of Tus AMERICAN 
Socrrry or MecHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


data were not complete and because practical coefficients were 
needed for actual design purposes, it was decided to conduct an 
experimental investigation of the flow of saturated water through 
sharp-edged thin-plate orifices to determine whether it would be 
practicable to use such orifices in lieu of traps for draining feed- 
water heaters. 

While the tests which form the basis of this paper do not cover 
all the variables which might have been investigated, they are 
sufficiently complete to provide a practical basis for design that 
has been applied successfully in several instances. 

In this paper the term ‘‘saturated water” is used in preference 
to “hot?’ or “boiling”? water as used by earlier writers, since it is 
considered to be more definite and possibly more accurate. It is 
used to denote water at saturation pressure and temperature, and 
refers to the condition of the water on the upstream side of the 
orifice. 


CoMPARISON OF THEORETICAL AND ACTUAL FLOow OF SATURATED 
WatER THROUGH ORIFICES 


The theory of the flow of saturated water has been thoroughly 
covered in several published papers‘ and, therefore, will not be 
repeated here. 

For purposes of comparison, Fig. 1 shows the theoretical and 
actual flow of saturated water through orifices for an initial pres- 
sure of 145 psi abs and back pressures ranging from 0 to 145 psi 
abs, while Fig. 2 shows the maximum theoretical and actual flow 
through orifices for initial pressures ranging from 14.7 to 300 psi 
abs and a constant back pressure of 14.7 psi abs. 


EXPERIMENTAL INVESTIGATION OF FLow oF SATURATED WATER 
THRouGH ORIFICES 


Fulfillment of the purpose of the test required that several 
points be kept in mind concerning the design of the orifices and 
test equipment, as follows: 

1 That the draining of condensate from a higher-pressure to a 
lower-pressure feedwater heater is primarily a throttling process. 

2 That the controlling factors to be considered in designing an 
orifice for draining condensate from one heater to another for 
maximum load on a turbine are (a) the pressure differential be- 
tween the heaters; (b) the initial temperature and pressure of the 
condensate; and (c) the quantity of condensate to be drained 
from the higher-pressure heater. The initial temperature of the 
condensate will be the saturation temperature corresponding to 
the initial pressure in all cases except those in which there is under- 
cooling. The effect of undercooling on the flow of the condensate 
through an orifice is in general the same as the effect of a static 
head on the upstream side. 


4 “Experimental Researches on the Flow of Steam Through Nozzles 
and Orifices,” by A. Rateau, D. Van Nostrand & Co., New York, 
N. Y., 1905, supplementary chapter at end of book, pp. 62-74. 

“Discharge Capacity of Traps,” by A. E. Kittredge and E. S. 
Dougherty, Combustion, vol. 6, September, 1934, pp. 14-19. 

“Fluid Flow Through Two Orifices in Series,”’ by Milton C. Stuart 
and D. Robert Yarnall, Mechanical Engineering, vol. 58, 1936, pp. 
479-484, 

“Flow of Boiling Water Through Orifices and Pipes,’ by W. T. 
Bottomley, Trans. North-East Coast Institution of Engineers and 
Shipbuilders (England), vol. 53, 1936-1937, pp. 65-100. 

“The Flow of Hot Water Through a Nozzle,’ by B. Hodkinson, 
Engineering (London), vol. 143, 1937, pp. 629-630. 
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3 That all of the factors given under (2) decrease with a drop 
in load on the turbine; and it is possible that an orifice designed 
for full load will be larger than needed to pass the condensate at 
reduced load even though the pressure differential across the ori- 
fice also is reduced. In such a case, some steam will be cascaded 
to the lower-pressure heater along with the condensate. This 
means that more steam will be bled from the higher-pressure tur- 
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Fic. 1 THEORETICAL AND ACTUAL CHARACTERISTICS FOR FLOW OF 
SATURATED WaTER THROUGH ORIFICES 
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RATED WATER THROUGH SHARP-EDGED ORIFICES 


(Initial pressures ranging from 14.7 to 300 psi abs and a constant back pres- 
sure of 14.7 psi abs.) 


bine stage than is necessary for its own stage of feedwater heating, 
which in turn may reduce the turbine cycle efficiency somewhat, 
especially if the amount of steam cascaded is excessive. 

Therefore, in order to provide the necessary test data for de- 
signing orifices to drain the condensate from feedwater heaters, 
the test equipment was built to permit the determination of (a) 
the flow of saturated water through orifices for various initial and 
back pressures; (b) the effect on the flow of saturated water 
through orifices produced by a static head above the orifice (un- 
dercooling); and (c) the effect on the flow of passing steam 
through the orifice along with the water. 

Design of Orifices. While it is not an established fact, it is 
expected that long-continued throttling may produce wear or 
erosion of the orifice with consequent passage of steam at all tur- 
bine loads. To prevent loss of cycle efficiency it might be neces- 


«5 


TRANSACTIONS OF THE A.S.M.E. 


JULY, 1941 


sary to make periodic replacements and, for this reason, any 
heater drain-line orifice should be simple to make and easy to re- 
place in service. If the orifice plate is made of corrosion-resisting 
steel, experience shows that, where no change of state occurs, 
there will be little if any wear of the sharp edge of the orifice; 
however, with orifices installed in hot-drip systems, considerable 
erosion due to flashing or cavitation has been noted on the down- 
stream face of the orifice plate. It should be noted here that 
drain-line orifices are not intended for metering purposes. 

Fig. 3 shows the design and Table 1 gives the diameters of the 
orifices used in this investigation. These orifices were installed 
in a horizontal 6-in. pipe. 


TABLE1 DIAMETERS OF ORIFICES USED IN INVESTIGATION 
Orifice Orifice diameter, 
number in. 
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Fic. 3 Desien or Ornirices Usep In Tests oF FLow or SATURATED 
WATER 


Description of Test Equipment. 
tests consisted of the following: 

1 A flash tank for regulating the pressure and supply of satu- 
rated water. 

2 Aset of orifices and a flanged holder for them. 

3 A heat exchanger. 

4 Two weigh tanks—one for the condensate and another for 
the heat-exchanger cooling water. 

5 Temperature-measuring apparatus. 

6 Pressure gages. : 

The schematic arrangement of the equipment and the relative 
location of thermocouples and of pressure gages is illustrated in 
Fig. 4. 

Fig. 5 shows an orifice clamped in the flanged holder. The 
short glass filler immediately downstream from the orifice was 
used to permit visual observation and photography on some of 
the runs. During most of the tests, however, a steel filler was 
used. 

All temperatures were measured with iron-constantan thermo- 
couples, calibrated for 8 in. immersion and a reference junction 
temperature of 32 F. Calibration of the couples is believed to be 
accurate within +0.5 F and, because of the depth of immersion 
and the precautions taken to prevent air circulation around the 
couples in their wells, it is believed that the measured tempera- 
tures are in error by no more than +0.5 F. The design of the 
thermocouple well is shown in Fig. 6. 

Operation of Equipment. The controlling conditions in operat- 


Equipment used in the orifice 
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jng the test equipment were the pressure and water level in the 
flash tank and the back pressure on the orifice. For any given 
test, the required combination of these conditions was obtained 
by balancing the flow of 400-F water into the flash tank through 
valve V; against the flow of flashed steam through vent valve V2 
and of water or a mixture of water and steam through the orifice 
and back-pressure control valve V3. Usually about 15 min were 
required to obtain the desired combination of pressures and water 
level, but once this condition was established slight adjustment of 
the valves was sufficient to maintain it because of the relatively 
constant pressure and temperature of the water supply. For the 
tests in which the orifice was passing both water and steam, the 
water level remained constant at about the center line of the 
horizontal 6-in. pipe and was of secondary importance. How- 
ever, for the tests in which only saturated water passed through 
the orifice, the water level was established at from 3 to 8 in. above 
the center line of the orifice and was maintained at the established 
level within 1/2 in. In the tests to determine the flow with a 
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static head above the orifice, the flash tank was filled with water 
under a pressure greater than the saturation pressure correspond- 
ing to the water temperature. However, in all cases, the inlet- 
water temperature was above the saturation temperature corre- 
sponding to the back pressure on the orifice. 


Test RESULTS 


The test data give the actual flow of saturated water through 
sharp-edged thin-plate orifices for various initial pressures and 
show the effect on this flow of (a) varying the back pressure on the 
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all the various sizes of orifices listed under “Design of Orifices.”’ 

Fig. 8 shows the flow of saturated water when a mixture of 
steam and water is passed through an orifice. The curves are 
arranged to show how the initial pressure, back pressure, and 
relative amounts of steam, included in the mixture, affect the 
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orifice, (b) passing steam along with the water, and (c) a static 
head above or undercooling before the orifice. 

The actual flow of saturated water through orifices, on the basis 
of pounds per second per square foot of orifice area as found on 
test for five initial pressures and various back pressures, is pre- 
sented in Fig. 7. The results given were obtained from tests of 
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flow. It is important to note that the amount of steam passed is 
given as a fraction of 1 lb per lb of water and that the total weight 
actually passed by the orifice is the sum of the weights of water 
and steam. Fig. 9, obtained by combining the data for initial 
pressures of 75, 103, and 145 psi abs from Fig. 7 with the data 
from Fig. 8, shows clearly and in convenient form the effect of 
passing steam with the water. 

Should the rate of supply exceed the capacity of an orifice, a 
static head of water will build up above the orifice. Therefore, 
the water at the orifice center line will be under a pressure in ex- 
ess of the saturation pressure corresponding to the temperature by 
the amount of the static head. Under this condition the fraction 
of water flashed into steam in passing to a region of lower pressure 
will be exactly the same as though the orifice were merely sub- 
merged, but the capacity of the orifice is increased somewhat as a 
result of the increase in pressure drop across it represented by the 
static head. An equivalent case is one in which the orifice is 
passing hot water at a normal level but undercooled to some ex- 
tent below the saturated temperature. For instance, cooling the 
water from a saturation temperature of 332.1 F down to 317.1 F, 
while maintaining the original saturation pressure of 106 psi abs, 
is the same condition as having an equivalent static head of 20 psi 
(50.7 ft) above saturation pressure with water at 317.1 F. Conse- 
quently, the test data for both conditions are presented on the 
basis of a:static head above the orifice. Fig. 10 shows how static 
heads of from 0 to 70 ft affect the flow at three different initial 
saturation pressures. 

The photographs, reproduced in Fig. 11, show the flow leaving 
the downstream face of the orifice for two initial pressures and 
various back pressures. The two upper sets of pictures are from 
tests in which no steam was passed with the water, while the two 
lower sets are from tests in which steam was passed through the 
orifice with the water as indicated. In the two upper groups of 
pictures, it is interesting to note that, for the higher back pres- 
sures, the flow leaves the orifice in the form of a jet with practi- 
cally no flashing evident within the length of the glass filler. As 
the back pressure decreases, however, flashing occurs nearer the ori- 
fice as shown by the breaking up of the jet, and the lower the back 
pressure the nearer to the orifice the flashing occurs until, at 15 
psi abs back pressure, the flashing begins at the orifice down- 
stream face. 


ANALYSIS OF RESULTS 


As far as is known, the results presented in this paper and those 
given by W. T. Bottomley,* are the only published test data 
which give the actual flow of saturated water through orifices. In 
his tests, Bottomley could not, because of limitations in his equip- 
ment, determine the effects on the flow caused by (a) varying the 
back pressure, (b) passing steam with the water, and (c) a static 
head above or undercooling before the orifice. The results of some 
of his tests, however, agree very closely with the results found in 
this investigation as shown in Fig. 2. In accordance with the 
theory, Bottomley assumed that, even though the actual flow was 
several times greater than the theoretical, there must be a critical 
pressure in the orifice; therefore, all of his tests were run with an 
atmospheric back pressure (14.7 psi abs), which was considered 
below the actual pressure in the orifice. The data obtained in the 
present investigation and presented in Fig..7 do not show the 
presence of a critical pressure in the orifice, and the pictures in 
Fig. 11 seem to bear out the conclusion that, for the range of 
initial pressures included in this study, no critical pressure exists 
in the orifice. In other words, the change of state does not occur 
within the orifice. 

It is a well-known fact that the weight of steam which will flow 
through a nozzle is a maximum when the throat pressure is ap- 
proximately 58 per cent of the upstream pressure. A decrease of 
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back pressure below 58 per cent of the initial will have no effect on 
the flow. This, however, is not true for steam flow through a 
sharp-edged orifice, as is shown by the typical curves® in Fig. 12. 
Fig. 7 shows a similar orifice characteristic for saturated water, 
which further substantiates the conclusion that no critical pres- 
sure will exist in a sharp-edged orifice passing saturated water, 
even though the pressure differential across the orifice is sufficient 
to cause flashing at the downstream face. Whether or not a 
critical pressure will exist in the throat of a nozzle passing satu- 
rated water cannot be determined from the results of this inves- 
tigation. 


NOZZLE 


WEIGHT OF FLOW ——> 


{e) 


BACK PRESSURE ——> 


Fic. 12 Typrcan Curves SHowine Reuativp Flow or STpam 


THROUGH ORIFICES AND NozzuEs 


An orifice, operating between fixed initial and back pressures, 
will pass a given amount of saturated water according to data in 
Fig. 7. If the amount of saturated water available is less than 
the orifice is capable of passing, a small amount of steam will flow 
through the orifice with the water. The amount of steam which 
will flow depends upon the initial pressure, the back pressure, and 
the quantity of water available. For instance, if the initial and 
back pressures are 145 and 40 psi abs, respectively, and the 
amount of saturated water to be passed is 2600 lb per sec per sq ft 
of orifice area, Fig. 9 shows that 0.02 lb of steam will pass through 
the orifice with each pound of water. From Fig. 8, it is seen that 
the water flow changes quite rapidly with an increase in steam flow 
from 0 to 0.04 lb per lb of water; however, for an increase in 
steam flow above 0.04 lb per lb, the change in water flow is much 
slower. This fact is also shown in Fig. 9 where the curves crowd 
together as the steam-flow fraction increases. 

The curves shown in Fig. 7 are of the same general shape as the 
curve giving the flow of “cold” water (70 F) through orifices. 
which is represented by the equation 


where Q = the flow in cu ft per sec, A = area in sq ft, h = head in 
ft of flowing fluid, and C = orifice coefficient. By substituting 


144 
wv for Q and — (pi — p:) for h, the equation takes the form 
p 


w 144 
vi = pC 920 BaP ld 
p 


in which w = weight of flow in lb per sec, p; = initial pressure in 
psi abs, p2 = back pressure, v = specific volume of saturated 
water at p, in cu ft per lb, and p = density of saturated water at p: 
in lb per cuft. The equation in this form applies readily to the 
flow of saturated water through sharp-edged orifices, and values 
for the orifice coefficient were found to be approximately the same 
as those for 70 F water. As in the case of cold water, the orifice 


5 “Thermodynamics,” by J. E. Emswiler, First edition, McGraw- 
Hill Book Company, Inc., New York, N. Y., 1921, p. 225. 
“The Leakage of Steam Through Labyrinth Seals,” by Adolph 
Kgli, Trans. A.S.M.E., vol. 57, 1935, pp. 115-122. 
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coefficient decreases with an increase in pressure differential 
(head) and orifice diameter. There is also some indication that 
the coefficient decreases as the initial temperature (saturation 
pressure) increases. The data are not complete enough, however, 
to make it possible to determine the numerical effect of a variation 
in orifice diameter or initial temperature. No attempt was made 
to correlate the orifice coefficients with respect to the diameter 
ratio since it was thought to be an unwarranted refinement in the 
design of throttling orifices for which the diameter ratios are 
usually low. Fig. 13 gives average values of the orifice coefficient 
for different values of differential head. These are considered 
sufficiently accurate for many design purposes, without correcting 
for effect of orifice diameter, initial temperature, or diameter ratio. 

Equation [2] and the orifice coefficients given in Fig. 13 may be 
used also to calculate the flow of saturated water through an 
orifice when there is a static head. In this case, however, the 
density of the water depends upon the temperature rather than 
the pressure at the orifice. 


Use or Sincue-Srace Oririces ror DraIninc CONDENSATE 
From FrepwaATER HATERS 


The two important functions performed by a float trap on a 
feedwater heater are draining the heater and maintaining the 
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proper pressure differential between the heater and the drain re- 
ceiver. The float-operated drainer performs these functions by 
means of a balanced valve, actuated by a float, which responds to 
changes in hot-well level determined by the quantity of drains. 
However, these two functions can be performed also by a fixed 
opening such as a pipe or an orifice and the size of the opening 
may be varied over a wide range without causing operating diffi- 
culty or appreciable thermal loss. For instance, the float-oper- 
ated trap on a certain heater failed to function at full load on the 
turbine because of the relatively high pressure drop across the 
trap valve and, in order to keep the turbine in operation, the 
heater was drained for several weeks through a 3-in. by-pass 
around the trap. In this case, since the 3-in. line was several 
times as large as needed for normal flow, considerable steam cas- 
caded to the next lower pressure heater with the drains. There 
was, however, no noticeable decrease in heater pressure or cycle 
efficiency. 

The trap on this heater has since been replaced by a */s-in-diam 
single-stage orifice which has been operating successfully for 
several months. The size of this orifice was determined for full- 
load condition on the turbine by use of the data given in this pa- 
per. At full load practically no steam is passed by the orifice but 
for two-thirds load, it is estimated that 0.015 Ib of steam is passed 
with each pound of condensate. The method of determining the 
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orifice diameter and the amount of steam passed at reduced loads 
is given in detail in the Appendix to this paper. 

Whether the turbine cycle efficiency will be affected adversely 
by cascading some steam between heaters at partial loads depends 
upon the relative energy drop from the throttle to each extraction 
point and to the condenser, the method of returning the heater 
drains to the feedwater circuit, and the relative amount of partial- 
load operation. 


Use or ORIFICES IN SERIES Wi1TH TRAPS 


In cases which require the use of float-operated drainer traps to 
eliminate thermodynamic losses, due to cascading steam at par- 
tial loads, it may happen that an orifice installed on the down- 
stream side of the trap will overcome certain operating difficulties 
with the trap. In some instances, the large pressure difference 
between heaters at high turbine loads may cause so much unbal- 
ance in the trap valve that the float can no longer operate the 
valve with the result that the heater floods. When an orifice is 
installed in series with a trap, the pressure drop between the heat- 
ers is divided between the trap and the orifice. By properly de- 
signing the orifice, the drop across the trap can be reduced suffi- 
ciently to permit the float to operate. A method of designing an 
orifice to operate in series with a trap is illustrated in Appendix. 

While it is possible to use two orifices in series to drain feed- 
water heaters, it is doubtful whether in most cases they offer any 
advantages over the single-stage orifice. The design of two ori- 
fices to operate in series is much more difficult than the design ofa 
single orifice and, in so far as the authors know, the quantity of 
steam passed at reduced loads on the turbine can be determined 
only by a cut-and-try method which is both involved and tedious. 


CoNCLUSIONS 


When saturated water flows through a sharp-edged orifice, no 
flashing occurs until after the water is through the orifice and, 
contrary to the theory which is based on a change of state, no 
critical-pressure condition is evident. The quantity of saturated 
water that will flow through a sharp-edged orifice for given pres- 
sure conditions can be calculated with sufficient accuracy by the 
formula used to determine the flow of cold (70 F) water through an 
orifice and the discharge coefficients found for saturated water 
are approximately the same as those generally used for cold 
water. When calculating the flow of saturated water through an 
orifice, it is important to remember that the value of the head to 
use in the formula is the equivalent head in feet of water, based on 
the pressure drop across the orifice and the density of the satu- 
rated water. 

When a mixture of saturated steam and water flows through a 
sharp-edged orifice with given initial and back pressures a small 
variation in the amount of steam in the mixture within the range 
of 0 to 4 per cent has a considerable effect on the total weight of 
mixture and, consequently, on the weight of saturated water, 
flowing through the orifice. For mixtures in which the quantity 
of steam is greater than 4 per cent, a small increase or decrease in 
steam content has only a slight effect on the total weight of flow. 

While sharp-edged thin-plate orifices may be used to drain feed- 
water heaters in place of float-operated traps, it is probable that 
for reduced loads some steam will cascade through the orifice with 
the drains. No general statement can be made at this time con- 
cerning the effect on the turbine cycle efficiency of cascading 
small quantities of steam between heaters. Every case should be 
decided on its own merits. The necessary study will include con- 
sideration of the relative energy drop from the throttle to each 
extraction point and to the condenser, of the method of returning 
the heater drains to the feedwater circuit, and of the relative 
amount of partial-load operation. 

It is important to keep in mind that the data presented in this 
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paper were obtained from tests of sharp-edged thin-plate orifices 
and, therefore, do not apply to nozzles or short tubes. These 
data can be used to design a throttling orifice to drain a given 
amount of saturated or nearly saturated water from a receiver of 
higher pressure to one of lower pressure and to maintain a re- 
quired pressure in the former. No attempt should be made to 
use these data to design a metering orifice. If an orifice dis- 
charges into a low-pressure receiver through a pipe, the pressure 
loss in the discharge pipe must be taken into account in establish- 
ing the pressure differential across the orifice. In many cases, the 
pressure drop across the orifice will be only a fraction of the total 
drop between receivers, since a large part of the total may be re- 
quired in getting the flashing mixture of water and steam through 
the discharge pipe. A discussion of the flow of a mixture of 
saturated steam and water through pipes is beyond the scope of 
this study and will be offered in a subsequent paper. 
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Appendix 
NoMENCLATURE 


The following nomenclature is used in this Appendix: 
A = area of orifice, sq ft 

C = orifice coefficient of discharge 

d = diameter of orifice, in. 

g = acceleration due to gravity, 32 fpsps 

h = static head, ft 

p pressure, psi abs 

Q = flow of saturated water, cfs 

é = temperature of water, F 

v specific volume of saturated water, cu ft per lb 
w flow of saturated water, Ib per sec 

p = density, lb per cu ft 


Il 


SrneLe-Stace OriricE Design TO DRaIn FEEDWATER HEATER 


When determining the size of an orifice for a particular installa- 
tion, it is more convenient to use Equation [2] than the data pre- 
sented in Fig. 7, and it is important to keep in mind that the quan- 
tity of condensate to be drained from the heater will vary for a 
given load on the turbine as much as +5 per cent, depending upon 
the variation in feedwater flow. From an operating standpoint, 
it is better to design the orifice too large rather than too small, and 
in practice it is recommended that a hand-operated by-pass be 
installed to provide means for passing abnormal quantities of 
water in case of a split or broken heater tube. 


: w " 144 
In Equation [2] a BAe ze q0 x 3 (p1 — pe) 


assume the following values corresponding to full-load operation 


of a 75,000-kw turbine: = 13.6 lb per sec; p: = 236 psi abs 
(at saturation temperature); p:— p: = 110 psi; p = 53.8 lb per 


144 144 
cu ft; head = — (p;— pz) = —— X 110 = 294 ft; C = 0.598 
p 


53.8 
(refer to Fig. 13). 


a pat ibedly 
Therefore 7 = 53.8 X 0.598 /2g X 294 = 4450 Ib per 
sec per sq ft and A = iS = 0.00306 sq ft; 
ae 4450 vl 


as 
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144 .00306 
d? = 2 EE SONS = 0.561; d = 0.75 inches 


v 


For two-thirds load on the turbine p; = 155 psi abs; 
psi abs; pi — p2 = 70 psi; and p = 55.2 lb per cu ft. 


P2 = 85 


70'S 
55.2 


V/29 X 183 = 3620 lb per sec per sq ft; and w = 11.1 lb per sec. 

With the initial pressure and pressure differential at this load, 
the */,-in. orifice is capable of passing 11.1 Ib per sec of conden- 
sate. Actually from the heat-balance data, calculated on the 
basis of no steam flow from the heater, only 7.8 lb per sec of con- 
densate is available; therefore, for the existing pressure condi- 
tions some steam will pass through the orifice. Curves A in Fig. 
14, which were obtained by cross-plotting the data from Fig. 9 for 
a constant back pressure of 85 psi abs, show that with an actual 
flow of condensate of 2540 lb per sec per sq ft for 155 psi abs initial 


Head = 183 ft; C = 0.605; = = 55.2 X 0.605 
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pressure and 85 psi abs back pressure, approximately 0.015 lb of 
steam will pass through the orifice with each pound of condensate. 
After the approximate amount of steam passed through the orifice 
has been determined, a new heat balance can be made, taking into 
account the steam cascaded with the condensate. 

By comparing the partial-load heat rate of the turbine cycle 
using orifices with the heat rate at the same reduced loads when 
only condensate is drained from the heaters, the feasibility of us- 
ing orifices to drain the heaters for a particular turbine cycle can 
be ascertained. 


DESIGN OF AN ORIFICE TO OPERATE IN SERIES WITH A TRAP 


The example just given to illustrate the design of a single-stage 
orifice for draining a feedwater heater can also be used to show the 
design of an orifice to operate in series with a trap. In designing 
an orifice to operate with a trap, the first step is to choose a suit- 
able intermediate pressure which in this case could be 190 psi abs. 
The following design data are now known: p: = 236 psi abs; p; = 
190 psi abs; 2 = 126 psi abs.; and w = 13.6 1b per sec. 

The drop in pressure through the trap from 236 to 190 psi abs 
causes part of the saturated water to flash into steam so that a 
mixture of 13.3 lb of water and 0.3 lb of steam or 0.0225 Ib of 
steam per lb of water enters the orifice. Curves B in Fig. 14, 
which were obtained by cross-plotting and extrapolating the data 
from Fig. 9, show that, for an initial pressure of 190 psi abs and a 
back pressure of 126 psi abs, an orifice will pass 2200 lb of water 
per sec per sq ft plus 0.0225 lb of steam per lb of water. 


or i = 2200 lb per sec per sq ft; w = 13.3 lb per sec 


13.3 4X 144 X 0.00605 
00 = Si Mees Se ee 
= 9900 = 0.00605 sq ft; g = 1 : 


= 1.06 in. 
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Discussion 


¥F, O. Evtenwoop.’ This paper is of intense interest to the 
writer and probably to all engineers who are at all concerned with 
. the flow of fluids through orifices. The experimental data pre- 
sented are valuable to those desiring to use orifices for draining 
feedwater heaters and also to those who are primarily concerned 
with the flow phenomena involved. 

Even a hasty glance at Fig. 2 of the paper will show that the 
» measured flow of saturated water through a sharp-edged orifice 
is several times the amount indicated by the so-called “theoretical 
curve” which is presumably Bottomley’s theory. Unfortu- 
nately, this theory is not given in the paper, and the reference is 
not readily available. 

It seems to the writer that many engineering papers are some- 
what open to criticism when they simply refer to the so-called 
“theoretical values” without further explanation. In this particu- 
lar case, the measured rates of flow are undoubtedly correct to 
a reasonable degree of accuracy, while the Bottomley theory, 
whatever it may be, is certainly far from complete. 

Any theory concerning the flow of a fluid through an orifice, 
when that fluid is a saturated liquid at entrance, may be made 
simple or complicated, depending upon how complete it is. If 
the velocity and density at the orifice could be calculated, it 
would be a simple matter to determine the rate of flow for any 
known orifice area. As a matter of fact, however, the velocity 
and density at the orifice are not simply and accurately calcu- 
lated. In all cases, the pressure in the orifice will be appreciably 
greater than that measured at a point considerably beyond the 
orifice. Just what portion of this total drop in pressure actually 
occurs in passing through a thin-plate orifice is hard to deter- 
mine, but it is probably of the order of 25 or 30 per cent. If 
there is any transformation of liquid into vapor before passing 
entirely through the orifice, the complete theory then becomes 
further complicated due to the difficulties of calculating the 
change in density, the effect of the two-phase velocities, and the 
energy available to produce velocity in the orifice. 


A. E. Krrrrepcs.? In commenting on this excellent paper, 
the writer feels that additional emphasis be placed on the fact 
that the results refer to and are limited to a thin-plate orifice. 

The difference observed between the results of this paper and 
those of Kittredge and Daugherty® are attributable to the differ- 
ence between streamline flow and turbulent flow, respectively, 
as applied to this particular problem. We tested a nozzle sub- 
ject to turbulent flow. The authors tested a thin-plate orifice 
subject to streamline flow. Complete turbulent flow represents 
one limit of the characteristic of the flow of saturated water and 
complete streamline flow represents the other limit of the char- 
acteristic of the flow of saturated water. 

As stated, the difference between the results previously ob- 
tained and those now observed is a difference resulting from the 
characteristics of turbulent flow as opposed to the characteristics 
of streamline flow. In a broad sense the writer believes this to 
be true but there are other elements, namely, time, mass, energy, 
and heat-transfer rate which very likely influence the existence 
or nonexistence of a critical pressure in the flow of saturated 
water. In contrast to the flow of an almost perfectly elastic gas 
or vapor, allowance must be made for the fact that saturated 
water is initially a much denser fluid; that the ratio of the specific 
volume at critical pressure to the initial specific volume is much 


® Professor of Heat-Power Engineering, Cornell University, Ithaca, 
N. Y. Mem. A.S.M.E. 

7 Chief Engineer, Cochrane Corporation, Philadelphia, Pa. 

8 “Discharge Capacity of Traps,’”’ by A. E. Kittredge and E. F. 
Daugherty, Combustion, vol. 6, September, 1934, pp. 14-19. 
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greater for saturated water than for any ordinary gas or vapor; 
that the flashing of water involves a complete change of state, 
not just a readjustment of the pressure-volume relation; that 
the change in state involves heat transfer from the mass sur- 
rounding a bubble to the bubble formed; and that more time 
and more energy per unit volume of fluid are required to redis- 
tribute the mass of saturated water from its initial volume to its 
greatly enlarged mixed volume after flashing, as compared to the 
time and energy required per unit volume to redistribute the 
mass of a relatively light and nearly perfectly elastic gas or vapor 
from its initial volume to its moderately increased volume at its 
critical pressure. 

Turbulence and time contribute to all of these factors involved 
in the change of state between the initial pressure and the critical 
pressure. It is quite possible that, in the case of a thin-plate 
orifice, the completion of the change in state requires more time 
than elapses from the point of initial acceleration to the vena 
contracta of the orifice. In the authors’ experiment, orifice 
sizes, ranging from 4/, in. diam to '/s in. diam were used. Liquid 
velocities involved were of the order of 100 fps. If, in the case 
of a 4/,-in-diam orifice, the acceleration of the liquid occurred in 
a distance of 1/4 in. the time available for changing state during 
the period of acceleration and pressure reduction was approxi- 
mately 0.0002 sec. 

In February, 1934, in addition to the !/,-in-diam nozzle just 
described, we tested the application of our theory to a 1/,-in-diam 
standard iron pipe about 10 ft long. The existence of critical 
pressure was determined by locating a pressure gage on the pipe 
at the discharge end. The results verified logical theory. This 
particular test setup certainly provided turbulent flow. The 
writer would suggest that a worth-while research would be to 
establish the relation between hydraulic diameter and length of 
pipe line or nozzle required to develop full turbulence and full 
flashing in accordance with thermodynamic theory. 

The specific purpose of the present paper has been to deter- 
mine flow rate through thin-plate orifices, but the inspiration 
for the investigation and the broad purpose of the paper is to de- 
termine the possibility of using orifices for the drainage of stage 
heaters. In this regard, it is felt that the authors have missed a 
remarkable opportunity by failing to investigate the character- 
istics of turbulent flow. For the particular purpose of draining 
stage heaters, a turbulent nozzle, having a capacity with satu- 
rated water substantially directly proportional to the absolute 
pressure, is much preferable to a thin-plate orifice, having a ca- 
pacity varying as the square root of the absolute pressure. At 
the same time, the turbulent nozzle would have much lower ca- 
pacity under saturated water and much wider range of control 
due to static head on the inlet side. If operating engineers are 
determined to eliminate interstage traps, they should attack the 
proposition on the basis of a turbulent nozzle located a consider- 
able distance below the heater to be drained so that it may be 
subject to appreciable submergence on the inlet side. Submerg- 
ence on the outlet side does not matter since flashing of the liquid 
will so reduce the density on the outlet side that, with reasonable 
pipe sizes, the pressure on the discharge side of the turbulent 
nozzle will never be higher than the critical pressure. Apparently 
then, the ideal automatic drainage arrangement for stage heaters 
would consist of a U-seal arrangement with the two legs of about 
the same diameter and the crossover connection between the 
two legs consisting of a small-diameter tube developing turbulent 
flow. The crossover tube between the two legs of the U-tube 
connection might be not less than one half the diameter of the 
respective leg. 

The concluding paragraphs of the paper under discussion are 
rather vague regarding the applicability of the thin-plate orifice 
to the service of interstage draining of surface heaters but sug- 
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gests the possible use of a trap followed by an orifice. The 
writer would raise the question: If a trap is necessary why use 
the orifice? The trap in a full-open position is an orifice. This 


question is asked with particular reference to new installations 
and does not contemplate the possible expediency of assisting a 
defective trap. 


S. P. Sormnc.’ The authors have shown that, in the case of 
water, the actual flow of saturated liquid through orifices is 
greater than would be expected from theoretical considerations. 
Their graphical treatment clearly indicates how this occurs. 

The same behavior has been noted for the refrigerants dichlo- 
rodifluoromethane (Freon-12) and ammonia. Orifices sized on 
the basis of equilibrium conditions in the orifice proved several 
times too large. Quantitative results are not available for com- 
parison, as various amounts of vapors were passed with the liquid 
for different runs, the orifice readings being incidental to a test. 
No attempt was made to obtain data as comprehensive as those 
of the authors’ who are to be congratulated on their clarification 
of a puzzling problem. 


D. R. Yarnauu.!? In connection with this paper, it might 
be interesting to compare the conclusions with the trend of data 
obtained in the study of the flow of saturated and subcooled 
water through a rounded entrance orifice. This work was under- 
taken in the fall and winter of 1938-1939 by the research de- 
partment of the writer’s company and utilized a setup somewhat 
similar to that of the authors’. This orifice was connected to 
the mud-drum blowoff of a small high-pressure test boiler, us- 
ing distilled feedwater. 

The orifice used was 0.130 in. diam with a rounded approach of 
1/s in. radius, followed by a tubular section '/s in. long. A small 
pressure tap was drilled radially into the throat of the orifice to 
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obtain some measurement of pressure conditions existing in the 
throat. 

The results obtained were in general consistent with the trend 
of flow values disclosed in the paper, being greatly in excess of 
flow calculations based on thermodynamic equilibrium. From 
practical equality with cold-water flow at low heads, the ratio of 
the flow of saturated-water to cold-water flow reduced to approxi- 
mately 0.6 at 50 psi abs; and further to approximately 0.5 at 
100 psi abs, where the ratio to cold-water flow remained essen- 
tially constant up to 300 psi abs, the highest pressure reached. 
The actual numerical flow values obtained for saturated-water 
flow through the rounded orifice (in lb per sec per sq ft of orifice 
area), check within close limits of those given in the paper. 
However, when adjustment is made for differing coefficients, the 
flow through the rounded orifice will be considerably less in 
comparison. 

On subcooled water, isothermal-flow curves, Fig. 15 of this 
discussion, showed a tendency to parallel the cold-water-ca- 
pacity curve at pressures up to 200 psi abs. At higher pressures 
(between 200 and 300 psi abs) inconsistent results were obtained, 
the majority of observations indicating a marked drop in the 
rate of increase in flow with increased pressure. Due to capacity 
limitations of the apparatus and interruption of the investiga- 
tion, this trend has not been conclusively substantiated to date. 
It would be interesting to know whether there was any indica- 
tion pointing toward reduced capacity on subcooled water flow- 
ing through a sharp-edged orifice at pressures above 200 psi abs? 

It is gratifying to note the growing consistency of accumulating 
data on the flow of saturated water and it is particularly helpful 
from the practical standpoint to find a simplified approach to a 
phase of the subject such as the authors of this paper have so 
clearly outlined. It is expected that work on the flow through 
rounded entrance orifices will be resumed, concluded, and the re- 
sults submitted for publication shortly, in order that these find- 
ings may also contribute to the general subject matter. 


AUTHORS’ CLOSURE 


The authors are extremely grateful for the interest shown by 
those who prepared discussions of their paper and feel that each 
discusser has added to the value of the paper by presenting his 
comments. The authors had hoped, however, that more interest 
would be shown in the possible application of these data in the 
design of orifices for specific uses, such as that of draining extrac- 
tion feedwater heaters as described in the paper. The authors 
would like to emphasize again the importance of that part of 
their paper on the assumption that this point may have been 
missed by many who are interested in design work involving the 
flow of saturated liquids. 

Regarding Professor Ellenwood’s criticism of the paper because 
the theoretical treatment was omitted, it should be remembered 
that the authors were required to meet certain space limitations. 
The theory given in Bottomley’s paper,* which was referred to 
by the authors, merely assumes thermodynamic equilibrium in 
the orifice. We realize, and regret, that Bottomley’s paper is not 
widely distributed, but it is available in the Engineering Societies’ 
Library, New York, N. Y. As usual, Professor Ellenwood’s com- 
ments are welcome, and it is hoped he will be encouraged to con- 
tinue the theoretical study of the phenomena of the flow of a satu- 
rated liquid through orifices and ultimately report his conclusions. 

It is not clear to the authors what Mr. Kittredge means by 
“streamline” and “turbulent” flow in reference to this paper. 
Based on the usual Reynolds’ number criterion, the flowsreported 
are definitely in the turbulent region. If Mr. Kittredge’s use of 
the term “turbulent” refers to a condition of flashing such as 
might occur in the downstream portion of a nozzle, or in the tail 
pipe immediately following an orifice, then the authors agree that 
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the results of the orifice tests would not apply. The paper spe- 
cifically states that the orifice results do not apply to nozzles or 
short tubes. In view of their test results, however, the authors 
are at a loss to know how a flashing mixture of steam and water 
is to be obtained in a sharp-edged thin-plate orifice supplied only 
with saturated water. As shown by the results in the paper, if 
steam is passed through the orifice with the water, the capacity 
of the orifice is considerably less than if water alone is passed, 
however, this mixture is not the result of flashing in the orifice. 

Mr. Kittredge’s comments on several of the differences between 
’ saturated water and an elastic gas are pertinent to a theoretical 
analysis of the problem and add considerably to the background 
of the discussions. In addition to these theoretical factors, it 
probably is true that surface tension also plays an important part 
in retarding the flashing of a saturated liquid. This factor was 
pointed out by Prof. M. C. Stuart and others in oral discussion. 

The authors are grateful to Mr. Kittredge for emphasizing the 
underlying purpose of the investigation. We feel that the prac- 
tical applications of thin-plate orifices deserve serious considera- 
tion by designing and operating engineers. However, regarding 
the charge that “a remarkable opportunity had been missed by 
failing to investigate the characteristics of turbulent flow,” the 
authors would like to say that an investigation of the flow of a 
flashing mixture of water and steam through pipes has been made 
and the results will be offered for publication later. These results 
were not included in the present paper because of lack of space and 
because the authors felt that each phase of this subject deserved 
the emphasis derived from a separate report. 

Mr. Kittredge’s suggestion of using a U-leg arrangement for 
draining feedwater heaters is basically sound, but the authors 
point out that one of the primary reasons for using orifices for 
draining heaters is that it is possible to install an orifice at the 
end of the cascade drain line and thus prevent erosion of elbows 
resulting from high velocities. This was mentioned in the 
“Introduction” of the paper as one of the important advantages 
of orifices over traps, and it is also one of the main advantages of 
the former over Mr. Kittredge’s U-leg arrangement. 

In answer to Mr. Kittredge’s question: “If a trap is necessary 
why use the orifice?” it is obvious from his own qualifying state- 
ment following his question that he already knows the answer. 
As is well known to plant operators and trap manufacturers alike, 
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there is nothing uncommon about the failure of a supposedly non- 
defective trap to function properly under some operating con- 
ditions even though it was ‘‘designed for the job.” Where a trap 
needs assistance because the float is too small to overcome the 
unbalance in the trap valve, the use of an orifice in series is a 
simple, inexpensive expedient. 

Mr. Soling’s comments are most welcome in that they point 
out that saturated liquids other than water behave in the same 
general way as water when flowing through an orifice or valve into 
a, region in which the pressure is lower than the saturation pres- 
sure. 

Mr. Yarnall is to be commended for publishing some of his 
test data. These data supply some of the information on the 
characteristics of flow of saturated water through a nozzle or 
short tube which were lacking in the authors results and, in this 
respect, his discussion is a distinct contribution. The authors do 
not understand why the bellmouth tube should have a relatively 
smaller capacity than a sharp-edged orifice, after correcting for 
differences in the cold-water-discharge coefficients. It may be 
that the relatively small size of tube used in Mr. Yarnall’s tests is 
responsible for the difference, either because of undisclosed fac- 
tors associated with the small physical size or because of difficul- 
ties involved in making the laboratory determinations. The 
latter possibility is indicated by the inconsistent results at high 
pressure differences. The marked drop in rate of increase of flow 
with increased pressure differential may indicate a critical pres- 
sure condition in the tube. This may be what Mr. Kittredge re- 
fers to as a turbulent condition. It would seem to the authors, 
however, that this drop in the rate of increase of flow would have 
been more pronounced with saturated water than with subcooled 
water, which is contrary to the indications of Fig. 15 of Mr. 
Yarnall’s discussion. In the authors’ tests the reduction in dis- 
charge coefficient for increasing pressure differentials with sub- 
cooled water was essentially the same as shown in Fig. 13 for 
saturated water. 

A recent communication from Prof. J. I. Yellott makes an inter- 
esting analogy between the so-called supersaturation in a rapidly 
expanding steam jet and the failure to flash in the saturated water 
jet. He says, “In a very rapid expansion, a substance in the liquid 
or vapor phase is apparently unable to change its phase rapidly 
enough to alter the flow characteristics of nozzles or orifices.” 
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’ time and distance required for acceleration are presented 


Train Acceleration With Steam Locomotives 


By L. B. JONES,! ALTOONA, PA. 


This paper presents a study of the relation between the 
cylinder tractive force of high-speed steam locomotives and 
the energy required to accelerate trains of differing weights 
Mathematical formulas for computing 


in an Appendix. Consideration is given to some of the 
more important factors which limit cylinder tractive 
power. 


HE mathematics of acceleration of railway vehicles has 
been fully discussed in various textbooks and also in previ- 
ous papers presented before the Society; but for conven- 
ience of ready reference the fundamental concepts are herein re- 
viewed. Weights of locomotive and train are expressed in tons; 


and acceleration is expressed in terms of miles per hour per minute 
, 


or per mile, to conform with the customary statistics of train 
schedules; in distinction to the common formulas of physics and 
mechanics expressed in terms of pounds, feet, and seconds. By 
this means, it is hoped to record data which will be helpful to 
operating officers as well as to designing engineers. Because the 
energy of acceleration varies with the square of the velocity, but 
only directly with the weight of the train, simple arithmetical pro- 
portion is deficient when comparing different locomotives or 
different weights of trains at the higher speeds, and a graphic 
analysis is most useful to show what actually takes place. 

The force available for acceleration in the cylinders of the 
ordinary two-cylinder steam locomotive is expressed by the well- 
known formula 


where J = cylinder tractive effort, lb 


C = mean diameter of the cylinders, in. 
P = mean effective pressure, psi 
SS = piston stroke, in. 


D = diameter of drivers, in. 


The formula contains three fixed dimensional values and only 
one value subject to variation with speed, i.e., the mean effective 
pressure. It therefore follows that, as this value is maintained or 
increased, the cylinder tractive force will be maintained or in- 
creased; which is the only force, on level track, available to ac- 
celerate the train. Therefore, the ability of a steam locomotive to 
accelerate a train rests with its mean effective pressure. 

In Figs. 1 and 2 are shown cylinder-horsepower and cylinder- 
tractive-force versus speed curves for several locomotives, in 
which curve A represents a Pacific-type locomotive which has 
been performing satisfactorily in main-line passenger service for 
several years. For purpose of this study, curves B, C, D, and E 
represent successive improvements in the mean effective pressure 
of this same locomotive, but for simplification the studies of train 
acceleration are confined to the minimum or present locomotive 
A, and the maximum or improved locomotive Z. The latter has 
been selected as the maximum locomotive for this study because, 


1 Engineer of Tests, The Pennsylvania Railroad. Mem. A.S.M.E. 

Contributed by the Railroad Division and presented at the 
Annual Meeting, New York, N. Y., December 2-6, 1940, of Tun 
Awerican Socinty of MECHANICAL ENGINEERS. 

Norn: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


as shown in Fig. 1, the cylinder horsepower is maintained almost 
constant from 60 to 100 mph. While it is sufficiently in advance 
of current steam-locomotive practice to be called a ‘‘maximum”’ 
locomotive, it is by no means an “‘ultimate’’ locomotive because, 
if the mean effective pressure could be still better maintained as 
the speed increases, the horsepower would actually increase with 
the speed above 60 mph, as it now does below that speed. 

If yet greater power must be obtained, a glance at the formula 
previously given will show that the only recourse is redesign, or 
increase of one or more of the dimensional values. The advan- 
tages of improving the present locomotive, as compared with de- 
sign changes, involving increased weight and capital investment, 
are illustrated by the curves in Figs. 4 to 8, inclusive, which have 
been developed on the assumption that improved locomotive E 
has been produced from present locomotive A without any in- 
crease in weight. 

For this study, three trains weighing respectively 800, 1000, and 
1200 tons behind the tender have been assumed, and their gross 
resistances, based on the Davis formulas, are shown in Fig. 3. 
For simplicity, all calculations have been based on straight level 
track; the effect of grades, plus or minus, may be added or sub- 
tracted, and a similar correction may be made for curves, For 
purposes of comparing two or more locomotives, the assumption 
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of level track will answer as well as any other condition which 
might be selected. 

The curves involving speed, time, and distance were calculated 
from the tractive-force and resistance curves point by point and 
then verified by the mathematical formulas presented in the 
Appendix. In each case, the two methods checked very closely; 
and it is evident that acceleration curves can be constructed by 
the formulas which will reflect the effect of changes in the trac- 
tive-power curve on the performance of the locomotive. Since 
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the curves are plotted for the minimum and maximum locomo- 
tives only, it is also evident that the performance of the inter- 
mediate locomotives, B, C, and D, can be studied from the curves 
by interpolation. It will be noted that the mathematical studies 
in the Appendix follow closely the methods of Professor Barrow 
(1).? 


Fig. 4 compares present locomotive A with maximum locomo- 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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tive H, hauling three different trains, and Fig. 5 illustrates the 
same comparison based on distance. It will be noted that the 
higher sustained horsepower of the improved locomotive results 
in a reduction of both time and distance required to attain a given 
speed. 

These curves also serve to emphasize a point which must be 
borne in mind by operating officers, and that is the serious handi- 
cap of enforced slowdowns. Locomotive A with an 800-ton train 
requires approximately 21/2. min or 11/, miles to attain 50 mph, 
and 6!/, additional min or 7!/; miles to attain 80 mph; so that, if 
the train is slowed from 80 to 50 mph, 6!/, min or 71/2 miles are 
required to resume the original speed. This should not be con- 
fused with elapsed time, which would include also time lost in 
slowing down and running at reduced speed, items not covered 
by this investigation. 

Fig. 6 shows the force available for acceleration compared with 
speed. The locomotive has reached its maximum speed when the 
accelerating force becomes zero. To determine the maximum 
speed of the locomotives on a grade, it is only necessary to deter- 
mine the grade resistance of the locomotive and train and draw a 
horizontal line at the corresponding value. The intersection of 
the curves with the line so drawn will show the maximum speed 
on the grade selected. 

Fig. 7 shows a mathematical “race” between locomotives A and 
#. Starting from the same point, with trains of identical weight, 
it will be seen that, at the end of 12 min, locomotive Z is 2 miles 
ahead of locomotive A; and the gap widens rapidly due to the 
more rapid acceleration of the improved locomotive. 

Fig. 8 shows the effect of lightweight cars on the rate of ac- 
celeration. The weights of the two trains, with a given locomo- 
tive, are proportional to the time required to attain the same 
speed, and to the squares of the speeds attained in a given time. 
Therefore, it follows that, for a given maximum speed, the saving 
in schedule time by the lightweight train is confined to accelera- 
tion, and if there are no stops or speed reductions, the heavy 
train will require only a little more time to cover a given distance 
than the lightweight train. On the other hand, if there are 
numerous stops and slowdowns, the advantage of the lightweight 
train is multiplied. 

Fig. 9 shows tractive-force curves for steam, electric, and 
Diesel locomotives of equivalent-nominal-horsepower rating. 
Steam locomotive H from previous studies is compared with as- 
sumed electric and Diesel locomotives, the continuous motor 
rating and the Diesel-engine rating being used for the electric 
and Diesel locomotives, respectively. It is recognized to be 
common practice to take advantage of the overload capacity of 
electric motors while accelerating, which is a distinct advantage 
for an electric locomotive drawing its power from a trolley; but 
the Diesel is limited by the capacity of its engine, and the overload 
possibilities of the steam locomotive are circumscribed by con- 
siderations of economy and good practice, at least in the prepara- 
tion of train schedules. A direct comparison of locomotives 
having such different characteristics is impossible, but the curves 
serve to illustrate the relative capacities for accelerating trains. 
They also demonstrate that the steam locomotive, with moderate 
improvement, is capable of taking rank with the best motive- 
power units. 

Fig. 10 illustrates an advantage of the improved locomotive 
with respect to the power output required for acceleration to a 
givenspeed. The kinetic energy of two trains of the same weight 
is the same for any speed; but the improved locomotive requires 
less time and distance to attain speed and, therefore, the energy 
required to overcome friction is less. Imasmuch as each loco- 
motive would have to cover the same distance in actual operation, 
this saving during acceleration is theoretical rather than real. 

Perhaps the greatest handicap of the steam locomotive is the 
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deep-rooted conservatism of American locomotive designers 
which has sentenced it to be a machine of two cylinders controlled 
by one valve apiece. The destructive dynamic forces which 
diverge from the line of power transmission, and the ineffective 
steam distribution have, it seems, become necessary evils, to be 
tolerated rather than faced. The author believes that these 
handicaps can be overcome, while still retaining for the steam 
locomotive the simplicity and flexibility which are its greatest 
assets. The maximum locomotive H# has been assumed as a two- 
cylinder locomotive, conventional in all respects but valve action; 
and it seems probable that no satisfactory arrangement of cylin- 
ders to eliminate counterbalances and dynamic augments can be 
developed until a satisfactory valve action has been perfected. 
But regardless of the number and arrangement of the cylinders, 
the mean effective pressure will continue to govern the output; 
and the following additional assumptions have been made: 

(a) Minimum pressure drop from boiler to steam chest. The 
superheater and pipes should afford free passage to the steam, for 
while steam which expands without doing work is raised in tem- 
perature, it is pressure which does the work in the cylinders. 

(b) Adequate steam-chest volume. The opening of the ad- 
mission valve results in equalization of pressures in the steam 
chest and cylinder; and at high speeds the surge of steam pressure 
from the pipes and header does not reach the steam chest until 
the valve has closed. The result is a maximum indicator-card 
pressure far below boiler pressure, and an average admission pres- 
sure yet lower. Meantime, the steam entering the chest at high 
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velocity builds up a surge pressure which may go 50 lb above 
boiler pressure at its peak, but drops to normal before the next 
valve opening. An adequate steam-chest volume is, therefore, 
essential to hold up the admission line on the indicator card; and 
also to insure a uniform velocity of steam through the superheater 
and pipes. 

(c) Well-designed exhaust passages. The ideal passage would 
pass the steam to the nozzle at maximum velocity and minimum 
back pressure; but since both are impossible of attainment in the 
same passage, a uniform cross section of smooth proportions is 
desirable. Too large an exhaust passage operates as an expansion 
chamber which has to be choked at the nozzle to produce draft, 
with resulting high back pressure against the piston in the center 
of its stroke, where it is most damaging to the mean effective 
pressure. 

(d) Large exhaust nozzle, which is only possible with an effi- 
cient front end. 

(e) Proper steam distribution. This specification eliminates 
the one-piece reciprocating valve, and requires separate admission 
and exhaust valves so arranged that cutoff may be shortened 
without advancing the other valve events. Various valve ar- 
rangements which meet this requirement more or less perfectly 
are extensively used in Europe and we would do well to profit by 
their experience. Experiments now under way in this country 
may lead to successful results. 


Appendix 


EQUATIONS FOR ACCELERATING FoRCE 


When the tractive-force-speed curve of a locomotive is known, 
the curve for train resistance of any given train can be subtracted 
and the result is the accelerating-force-speed curve for the com- 
bined locomotive and train. 


Let F = accelerating force for entire train, lb 

a = acceleration, mphps = 1.467 fpsps 
W = weight of train, including additional percentage to 

provide for energy of rotation, tons 
VY = speed, mph 
L = distance traveled to reach any speed, miles 

W X 2000 
Vi SOAS Of C0810) eee 
32.2 

t = time to reach any speed, min 


A, B,C, D, Ki, Ke, and K; are constants 


i F 
Since a= ———_ 
M X 1.467 
FX 32.2 
= mphps 
2000 X W xX 1.467 
21.95F i dv 
or a als =— 
2000W Oe a a 
dy 21. mals = 2000W 
dt ~ 20007 ° 21.95F 
iP 91.1Wdv 
Pees 
F 


The time, ¢ to reach any speed is 


The distance L traveled in miles to reach any speed is dL = 
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K,Vdt where Ky, is the constant required to make the relation 
true. 


14 1.467 
Ky Of so OG, = Vdt 
~ 5280 5280 
1.467 X 91.1WVdo WVdv 
ab = = 0.02533 
5280F 
Va 

or L = 0.02533W yf am Pee ey [2] 


The constant of integration required to make the equation true 
for a known condition will be called D. 

Knowing the relations shown by Equations [1] and [2], it only 
remains to write the equation for speed V and tractive force F for 
the train, from which equations showing the time and distance to 
reach any speed can be derived... 

The force of acceleration is maximum at starting. As long as 
the engine can be run in full gear, the accelerating force falls off 
from its original value by an amount which is proportional to the 
square of the speed. The general equation for this relationship is 


where Fy equals starting tractive force and K2 = constant re- 
quired for any particular curve. This condition holds for a pas- 
senger train until a speed of about 30 mph is reached, following 
which, changed cutoff and other conditions give quite a different 
curve. The curve changes from convex to concave in the 30- 
mph speed range (sometimes referred to as the critical range). 
Therefore, two equations are required for every speed-accelerat- 
ing-force curve. 

To simplify the actual calculations, Equation [3] was not used 
for the accelerating-force-speed curves but the equation was 
changed to 


It is obvious that the substitution of the value of F in Equa- 
tions [1] and [2], as given by Equation [4], is much more easily 
handled than the substitution which Equation [3] gives. The 
substitution of Equation [4] in Equation [1] gives 


91.1W 
z eS IGys 
60F in peor 


which can be very quickly solved. 
The substitution of Equation [3] in Equation [1] gives 


_ 91.1W dv 
S60 Fy — Kev? 


which is much less convenient. 

When constants K, and K; are chosen so that Equations [3] 
and [4] match at 0 and 30 mph, the intermediate points are close 
enough to give the correct time and distance for all speeds. 

As an example, the following table shows how Equations [3] 
and [4] compare, for a case where the accelerating force equals 
44,000 Ib at starting and 36,000 lb at 30 mph. For Equation [3] 
the equation is 


F = 44,000 — 8.88V2, or Ke = 8.88 
for Equation [4] 


F easel K; = 0.0002468 
SS Yr ——{hM 
1 + 0.0002468V? ° 
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Accelerating force, |h——— 


Speed Equation [1] Equation [2] 
0 44000 44000 
10 43120 43000 
20 40480 40050 
j 30 36000 36000 
35 33100 33550 


It is apparent that for all practical purposes the two equations 
are equivalent, so the one most readily usable should be chosen. 

\ The curve for the higher speeds, which is the more important, 
is found by two steps. The first step is to note that if a tangent 
TT, to the tractive-force-speed curve SS; is drawn, the difference 
in ordinates of the tangent and the curve, when plotted on rec- 
tangular coordinates, forms a very good parabola, Fig. 11. The 


~ next step is to write the equation of this parabola. When the equa- 
. tions of the tangent and parabola are added, the result’ is the 
~ equation of the tractive-force curve. 


This curve always has 
the form 


TA BA EO Oe 5 oto 9 TOS [5] 


In most cases, where a well-chosen point of tangency is used, 
the curve of Equation [5] fits the actual curve very closely. Al- 
most any point of tangency gives good results. 


S| 
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Substituting the values of F in Equations [4] and [5] in Equa- 
tions [1] and [2] gives 


Led 
fee me + K;V2)dV 


60/5 


) 


t = = (v f ) cates, See [6] 
which holds good to 35 mph, above which 
, ow ae 
60 AV? + BV+C 
_91W 2303, ve a — 
60 +/B?—4AC ~ \oa4v +B +4 ~/B?—4AC 
: cD aera 


which holds good above 30 mph, and allows a short overlap with 
the curve of Equation [6] in the critical range. 

The time ¢ is calculated by Equation [6] for the lower speeds; 
then D is calculated to make the time ¢ correct at 35 mph in 
Equation [7]. 
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For distance L 
2 
L = 0.02533W Vdv (1 + KV?) 
Fo 
from Equations [2] and [4] 
0.025383W 
L = ——— Vii + K3V2)du 
Fy 
0.02533W (V2 K;V4 
Lb Ee | en Pee ee [3] 
Fo 2 +4 
which is good up to 35 mph. For high speeds 
fo, Sg m9 a 
AV? + BV +0 


pe 2.303  0.02533W 


3A (1s (AV2 BY ©) 


B ‘ a | 
(% ——— es 
V/B?—4AC Ay + B + 4/B?— 440 


It is noted that AV? + BV + C = F at any speed so F, can be 
substituted for AV? + BV + C in the foregoing equation which 


gives 
2.303 X 0.02533W B 
L= Cg = 
~/ B?—44C 


2A 
2AV + B—~+¥/B?— 4AC 
log al VB — 4AC + D..[9] 
DAV, Be =) 
where D makes L correct for 35 mph, according to Equation [8]. 
Equations [7] and [9] would not be applicable if the quantity 
B? did not exceed 4AC, but B? must always exceed 4AC, other- 


wise no speed could be reached where there would not be some 
accelerating force. The maximum speed is found when 


F =OorAv?+BV+C=0 
2C 
oe 
4/(B? — 4AC) — B 


11 a Ze 

Inspection of Equation [10] shows that if 44C were greater 
than B?, the maximum speed would have no limit. 

The application of Equations [7] and [9] is quite simple because 
the quantity / B? — 4AC which is easily computed repeats itself 
so frequently. The quantity (AV? + BV + C) is really F, at 
any speed, and the quantities B + 4/ B? — 4AC for a large group 
of curves can be conveniently arranged in a table. Then to 
obtain Equations [7] and [9], it is simply a matter of substituting, 
and calculating the particular constants of integration, which give 
the correct time and distance at 35 mph, as obtained from the 
more elementary Equations [6] and [8]. 

Ten cases were solved along the foregoing lines. They were 
for trains hauled by the present passenger locomotive A and the 
improved passenger locomotive #, using 800-, 1000- and 1200-ton 
trains, a loaded 10-car passenger train made up of heavyweight 
cars, and a loaded 10-car passenger train made up of lightweight 
cars. 

The following table shows the make-up of the trains: 


Condi- No. of Weight of Gross weight (W) weight, allowing for kinetic 
tion cars cars,tons oftrain,tons energy of wheels and axles, tons 
ft 12 800 1065 1098 
2 15 1000 1265 1303 
3 18 1200 1465 1507 
4 10 592 858 891 
5 10 780 1045 1077 
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The equations for the various curves may be listed as follows: > 1181.4— 4.52V 
Case 1, condition No. 1; present locomotive A: L = 168 log F, + 35.79 log 426.6 — 4.52V 95.47 


Below 35 mph Case 5 Condition No. 3; present locomotive A: 
ji = ___ £4000 Below 35 mph 
1 + 0.00045V? oe 44000 
t = 0.03785V + 0.00000568V* 1 + 0.00052V? 
L = 0.000316V? + 0.000000071V * t = 0.052V + 0.000009 ° 


= 2 4 
Above 30 mph L = 0.000435V2 + 0.000000112V 


Above 30 mph 


F = 2.9V2— 869V + 54000 
1228 — 5.8V F = 4.883V2 — 1142V + 59400 

anith pee Oiipee OE a Ot 

ts BLO 9:01 : 1521.5 — 9.766V 
ena 30 log ee ee 
1228—5.8V 6 a4 762.5 — 9.766V 

= F, + 26. Wey ae 

T= 11002 log F, 7 26.68108 Fig eRV Faas alee ter 1521.5 —9.766V 5a, 
= 7 A 0. 4 
soy 8 762.5 — 9.766V 


Case2 Condition No. 2; present locomotive A: 


Below 35 mph 
44000 Below 35 mph 


F = ——____" 
1 + 0.000455V? ee Or ae 
1 + 0.000417V? 


t = 0.045V + 0.00000684V* 
0.052V + 0.0000072V 


0.000375V2 + 0.000000085 V* 
L = 0.000435V2 + 0.00000009V* 


Case 6 Condition No. 3; improved locomotive E: 


aa 
I 
ll 


Above 30 mph 


F = 4.21V2 — 1069.5V + 59530 Above 30 mph 


oo soar ne ET 46s F = 0.5332V2 — 607.7V + 49854 
ane CP iRoos a 1120.5 — 1.0664V 
692 — 8.42V 1 = 10.28 og 12 5 6640 
L = 9.017 log F, + 25.551 Wes a Sep a ate 
= 9. og F, pA ——— $e 
692 — 8.42V 1120.5 — 1.0664V 
L = 82.37 log F, + 97.621 491.5 
og F, + 97.62 log O79 — 1.0604V i 


Case 3 Condition No. 1; improved locomotive E: 
Case 7 Condition No. 4; present locomotive A: 
Below 35 mph 
44000 Below 35 mph 


F = ———__ 
1 + 0.00031? pre, 
1 + 0.0004? 


t = 0.03785V + 0.0000039V * 
t = 0.0305V + 0.00000407V* 


0.000316V2 + 0.000000049V * 
L = 0.000254V2 + 0.000000051 V4 


ww 
ll 


Above 30 mph 
F = 3V?— 887V + 59350 


Above 30 mph 


F = 2.52V2 — 795. 186 
fee 795.8V + 51860 
fer 06 log 372 1128.2 — 5.04V 
614 — 6V t = 9.305 log 3.59 
ne aeeae 463.4 — 5.04V 
L = 10.663 log F, + 34.64 log —_——— — 60.44 1128.2 — 5.04V 
614 — 6V L = 10.23 log F, + 24.4 log 57.71 
463.4 — 5.04V 


Case 4 Condition No. 2; improved locomotive E: 
Case 8 Condition No. 5; present locomotive A: 


Below 35 mph 
Below 35 mph 


jee By 44000 
1 + 0.00036V2 ae 1 + 0.000395V2 
= : 3 

B10. 045 Vase Oe t = 0.0372V + 0.0000049V" 

Fi . a ‘ 

L 0.000375V2 + 0.0000000675V L = 0.000323V2 + 0.000000061 V* 

Above 30 mph Above 30 mph 
F = 2.26V? — 804V + 55770 F = 3V%— 870V + 54000 
1181.4 — 4.52V 1 ars. 

t = 12.07 log — 5.19 t = 11.42 log p20 — 3.94 


426.6 — 4.52 540 — 6V 


OO ea eee 
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1200 — 6V 


Ti AIOABS lor Fe o7oleg ——— ——— 
BE ak 54g = GY 


— 59.09 


Case 9 Condition No. 4; improved locomotive E: 


Below 35 mph 


ical: Ws 
1 + 0.00031V? 


0.0305V + 0.00000316V* 
L = 0.000254V? + 0.00000004V ‘ 
Above 30 mph 


F= 


t 


F = 1.76V? — 684V + 53800 
982.5 — 3.52V 
Peiag log ee ea 
08 3955 35aV. 
982.5 —3.52V 
PRAUABSIop Fae 3 8 log 
SuSE °8 385.5 —3.52V ey 


Case 10 Condition No. 5; improved locomotive E: 
Below 35 mph 


44000 
1 + 0.000318V? 


0.0372V + 0.00000395V* 
L = 0.000323V2 + 0.000000049V* 
Above 30 mph 


F = 


t 


F = 2.4375V? — 792V + 57274 

t = 14.35 log ee 4.11 

L = 12.88 log F, + 38.87 log ne — 72.40 
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Discussion 


H. B. Oariey.? This paper presents, in easily understand- 
able form, some of the essentials in the consideration of increased 
steam-locomotive power at the higher speeds which are today 
necessary. The thesis set forth is one in which the writer can 
heartily concur. There is only one point to which he would 
like to direct attention. It is the stress laid upon enlarged steam 
areas throughout the path of the steam from the dome to the ex- 
haust-nozzle tip. 

Chapelon, in his comprehensive analysis‘ of the steam loco- 
motive, the essential part of which has been so ably presented 
in English by Lawford H. Fry,® has indicated the increased 
capacity resulting from careful attention to the question of more 
ample steam path. In the path of the steam as here considered, 
the fact must be kept in mind that all of the passages, with the 
exception of the superheater units, are of metal having a lower 
temperature than that of the steam carried. The superheater 
units, however, in part surrounded by gases at temperatures of 
upward of 1500 F, must be recognized as severely stressed parts. 
The steam velocity through these units is an important factor in 
preventing rapidly destructive conditions and it is essential that 
adequate steam velocity must be provided. 

In the early days of the superheater, when materials less heat-_ 
resistant were available, steam velocities with the single-loop 
superheater were many times noticeably low; and the rapid de- 
terioration of superheater units soon led to modified designs 
which provided higher steam velocities and better protection to 
the metal of the units. Today, with improved alloy steels, it is 
the practice to design for lower steam velocities than would 
otherwise be permissible, but it must be recognized that, even 
with these improved materials, too low steam velocities will re- 
sult in unduly short life of this portion of the steam path. Like 
most important features in an engineering structure, there must 
be a compromise and all factors must be fairly evaluated. On 
one hand there is the desirability of the maximum output; on the 
other hand, the initial cost and maintenance, as well as the losses 
which may be incurred in repairs, must be considered. 


L. K. Sizitcox. The author has presented, in intelligent 
and consecutive form, an example of the problem that is re- 
current in both operating and mechanical departments of rail- 
ways, i.e., the estimation of locomotive performance in terms 
of cars, tonnage, and speed. It is understood that the locomotives 
compared, designated A and &, are identical in principal dimen- 
sions and that the cylinder-horsepower performance of locomo- 
tive H has been achieved by securing a higher mean effective 
pressure in the cylinders by reducing pressure drop between 
superheater header and the cylinders, and by so modifying the 
valve events that an increase in negative work is not a function 
of short cutoffs at high speed. 

The writer would expect that locomotive # indicates some 
hypothetical performance which locomotive A can never be re- 


3 Vice-President, The Superheater Company, New York, N. Y. 
Mem. A.S.M.E. 

4“Ta Locomotive 4 Vapeur,” by André Chapelon, published by 
J. B. Bailliere et Fils, Paris, 1938. 

>The Evolution of the Locomotive in France,’’ by Lawford H. 
Fry, Railway Mechanical Engineer, vol. 112, 1938, pp. 473-475; vol. 
118, 1939, pp. 1-5. 

6 First Vice-President, The New York Air Brake Company, Water- 
town, N. Y. Mem. A.S.M.E. 
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constructed to produce economically. For instance, if the 
boiler will supply steam to deliver 4500 cylinder horsepower at 
100 mph with a high degree of efficiency, its very size must be a 
burden to locomotive A which can do no better than a little more 
than 3400 hp at 60 mph. If maximum tractive effort is the 
same in either case, the same weight on drivers would serve 
either locomotive. The large boiler of locomotive H would de- 
mand more weight on idle axles. 
Tractive effort expressed as 


CPS 
Gh = 
D 


represents in simple form the average torque of a two-cylinder 
steam locomotive. Deduct total train resistance and it is a 
measure of accelerating capacity but is not an accurate and pre- 
cise expression, because an equivalent mean effective pressure 
cannot be utilized to utmost advantage, bearing in mind the 
variation in instantaneous values of cylinder pressure during ad- 
mission and expansion of steam, the effective lever arm of the 
couple which turns the main driving wheel on that side, and the 
manner in which the forces developed by two engines, operating 
90 deg out of phase, combine. Increased mean effective pressure, 
however it may be obtained without proportionate increase in 
steam consumption or wider variation in extreme pressures, is 
desirable. The actual shape of the composite indicator card for 
both sides of the locomotive as it affects uniformity of torque 
also is important as disclosed by Fig. 12 of this discussion. 

Since driving-wheel torque must be variable, there is a question 
as to the possible use which may be made of the peaks in ac- 
celerating force. At low speeds, surges are felt and at each surge 
some energy is wasted through movement of friction-draft-gear 
elements. This dissipation determines the number of cars 
through which the surge is discernible. If only the spring ele- 
ments of the draft gears are affected a substantial part of the 
stored energy may be recovered. Maximum and minimum 
tractive efforts, developed from indicator cards, have been meas- 
ured at 125 per cent and 76 per cent of the average values de- 
rived from the combinedsefforts of both engines at starting in 


full gear and at 30 mph, 73 per cent cut off. Obviously, no in- 
crease in mean effective pressure, secured by increasing instan- 
taneous high pressures at crank positions which now are asso- 
ciated with the highest maximum torques, would be effective. 
At the same time, minimum torque occurs when the crankpins 
are at or near the center and quarter positions. At these points, 
any reduction in negative work, represented by compression and 
preadmission, is highly beneficial in the direction of useful and 
uniform tractive effort. Thus, a valve gear, which will provide 
independent timing of separate events, will be of considerable 
value in smoothing out the torque curve, quite independently of 
its effect upon mean effective pressure. 


AvuTHOR’s CLOSURE 


Mr. Oatley has rightly called attention to the necessity for 
proper balance in all things, particularly in the steam locomotive. 
It is fully recognized that freer steam and gas passages should not 
be realized at the expense of either superheat or tube maintenance. 
It is rather the author’s contention that our enthusiasm for 
evaporative surface and superheat has combined with increasing 
demands on the capacity of the locomotive as a whole in such 
a way as to swing the balance away from adequate areas. Steam 
and gas passages which were sufficient twenty or thirty years ago 
are too restrictive today, and our conceptions of proper balance 
must therefore submit to some overhauling. 

Mr. Sillcox has pertinently pointed out that increased mean 
effective pressure without increase in boiler pressure can be 
brought about by eliminating negative work. Bearing in mind 
that the greatest improvement is realizable at the higher speeds, 
a large increase also comes from improved admission-valve action 
and later exhaust opening, which combine to increase the positive 
work available from the same amount of steam. 

When this improvement in the cylinder cycle is supplemented 
by a higher average steam-chest pressure and a lower average 
exhaust back pressure brought about by refinements in other de- 
tails of the machine, locomotive # is no longer a hypothetical 
case but becomes an attainable reality. The same boiler will 
serve because the steam delivered to the cylinders is the same in 
both cases. 


Discharge Coefficients of Long-Radius 
Flow Nozzles When Used With 
Pipe-Wall Pressure Taps 


By H. S. BEAN,! S. R. BEITLER,? anp R. E. SPRENKLE? 


For the last six years, the Special Research Committee 
on Fluid Meters has been conducting a research on flow 
nozzles. In previous papers relating to the program, the 
Committee’s plans for carrying out the research were 
outlined (1),4 and some of the results obtained have been 
presented (2, 3, 4). In the present paper, the results of 
determinations of coefficients of long-radius nozzles when 
used with pipe-wall taps® are given, as based on a combina- 
tion of separate analyses by the three authors. Later 
papers will extend the results to other conditions than 
those considered in this paper. 


INTRODUCTION 


S WAS pointed out in one of the earlier papers (1), there 
is no one laboratory with facilities for making the required 
tests on flow nozzles over the entire range of conditions 

which it was desired to cover. Furthermore, by distributing 
the tests among several laboratories, more or less overlapping 
would occur, which would tend to furnish information on the 
agreement between the results of tests by the different labora- 
tories on the same nozzle; in some cases using the same sections 
of piping. In addition, such data would provide a basis for 
estimating the tolerance to be assigned to the coefficient values 
for use in commercial metering of fluids. Since it is impossible 
to determine, from the smoothed results as here given, the por- 
tions contributed by the different laboratories, it is appropriate 
to list them and to indicate the range of conditions covered by 
their tests, so that due recognition may be given to their several 
contributions. This is done in Table 1. 


Mernuop oF ANALYSIS 


For the purpose of the present paper, the essential result from 
each test is the relation between the discharge coefficient and the 
Reynolds number. The discharge coefficient is defined (5) by 


CD? a 

: V/ (pi — P2)p1 atic. Cece {1] 
VA ae 
in which w = actual rate of flow, lb per sec 


C = coefficient of discharge 
g = diameter ratio, D2/D, 


1 Chief of Gas Measuring Instrument Section, National Bureau 
of Standards, Washington, D.C. Mem. A.8.M.E. 

2 Associate Professor of Mechanical Engineering, The Ohio State 
University, Columbus, Ohio. Mem. A.S.M.E. 

3 Hydraulic Engineer, Bailey Meter Company, Cleveland, Ohio. 

4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

5 As here used, the term ‘‘pipe-wall taps’’ applies to pressure taps 
connected to the pipe wall with the inlet-pressure tap located 1 pipe 
diam ahead of the flozzle-inlet face, and the outlet pressure tap about 
1/, pipe diam following the nozzle-inlet face, but in no case beyond 
the outlet end of the nozzle. 

Contributed by the Special Research Committee on Fluid Meters 
and presented at the Annual Meeting, New York, N. Y., December 
2-6, 1940, of Tom Amprican Society or MecHanicaL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


w = 0.525 


D, = inside diameter of approach section of pipe, in. 

D, = diameter of nozzle throat, in. 

pi = absolute static pressure on inlet side of nozzle, 
psi 

~. = absolute static pressure on outlet side of nozzle, 
psi 

p1 = density of fluid based on inlet pressure and 


temperature, lb per cu ft 
The Reynolds number R,, applying to the nozzle throat di- 
ameter, is given by 
VoD. 
Ra = 24/2P1 
121 


while Rp, applying to the pipe diameter, is given by 


ViD 
Rp a 111P1 
121 


average fluid velocity in the pipe, fps 
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average fluid velocity in nozzle throat, fps 
absolute viscosity of fluid at inlet pressure and 
temperature, lb per ft per sec 


From Equations [2] and [3] it will be seen that 


Pein SSB Rae cs 1 ees ee 
a relation which will be referred to again. 

The first step in the analysis of the results was to plot all the 
values of C determined for any one nozzle, against the corre- 
sponding values of the Reynolds number. A smooth curve was 
then drawn to represent the locus of the test points as closely 
as possible, as illustrated in A, Fig. 1. When more than one 
laboratory calibrated a given nozzle, the results from each labora- 
tory were plotted separately, or with distinguishing marks. 
Smooth curves were then drawn to represent the results from 
each laboratory. Finally, a single curve was drawn to represent 
what the analyst believed to be the most probable average of all 
the data taken on that one nozzle. The result of this step was 
that an average curve was obtained for each nozzle tested. 

Next, from the average curves for all nozzles tested in any 
one size of pipe, values of C were read off corresponding to some 
even value of the Reynolds number and these were plotted against 
the diameter ratio. Smooth curves were then drawn to connect 
the points for like values of the Reynolds number as in B, Fig. 1. 
This process was repeated for each different size of pipe in which 
nozzles were tested. As a matter of detail, it may be mentioned 
that it was usually necessary to cross-plot back and forth several 
times before sufficiently smooth curves were obtained in both the 
A and B plots. 
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For an even value of the diameter ratio, values of C at a given 
Reynolds, number were read from each group of B curves and 
plotted against pipe diameter (or the reciprocal of the pipe 
diameter). In this manner groups of curves were obtained for 
each selected value of the diameter ratio, as shown in C, Fig. 1. 
These curves show the change in the coefficient due to pipe size. 
While this effect was small and rather irregular, it was deemed 
desirable to give it some consideration in this analysis. 

From these sets of curves, giving the effects of pipe size, values 
of the discharge coefficient were read for a single pipe size and 
plotted against Reynolds’ number. Smooth curves were readily 
drawn through the points for the same diameter ratio, and thus 
for each pipe size was formed a family of curves giving coefficient 
against Reynolds’ number for even diameter ratios, as illustrated 
in D, Fig. 1. Each of these families of curves was extrapolated 
to a Reynolds number FR, of 5,000,000, in order to meet the condi- 
tions in many present-day plants, particularly power plants where 
very high steam temperatures and velocities are used. 

It will be noted that the curves in group D are similar to those 
of group A, but are much smoother and more evenly spaced. The 
analysis could have been ended here, and this set of D curves 
used to present the final results. However, it was the authors’ 
belief that most users of flow nozzles would find it more con- 
venient to have available curves in which the coefficient is plotted 
against diameter ratio. Accordingly, the final step was to make 
cross-plots from the D curves, thus giving curves of C for con- 
stant Reynolds’ numbers against diameter ratio, as shown in 
E, Fig. 1, a separate set of curves being made for each pipe size. 

As already mentioned, each of the authors made independent 
analyses of the data, following the general procedure outlined. 


AIOE || 
Laboratories in Which Flow Nozzle Tests Were Made and Range of Conditions Covered 
Laboratory Size of |Number |Range of Diam-|Fluid Range of Reynolds Numbers Reference Meas- Tests Made or 
Pipe |Nozzles| eter Ratios Rp Rg urement by Supervised by 
inches | Tested min max min max 
Bailey Meter Co 3 13 16 to .80|water} 6600 870 00Q 22 000 | 090 OOO}volumetric tank |R.E.Sprenkle 
Cornell University, Hyd- 8 | A6 water} I|@OO0OO0 294 000) 39 700 633 OO0O|volumetric tank Prof. E.W. Schoder, 
draulic Laboratory 24 %) 24 ASI) 23600 | Ol2 000 37 600 2357 000 " " A. N. Vanderlip 
Cornell University, Sibley} 3 4 AS) -60|water| 3000 400000 |2 700 670 O00\weigh tank Profs F.G. Switzer 
School of ME. 4 8 285 sstsyi iY 9 000 596 O00] 25400 78! OOO} " ¥ @ W.C. Andrae 
General Electric Co. Tur] 2 8 50 +84 |steam||17 400 1377 000/243 000 | 690 O0O|weighed ac eer 
bine Reseorch Dept. C.J. Walker 
Ingersoll-Rand Co. Test-| 4 2 R22) 200 | air 6 000 59 500} 24000 __—'119 OOD]impact tube .W. Johnson, 
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There was, however, more or less variation in the details of per- 
forming the several steps. For example, in plotting the original 
test data in the first step, either Rp or R, may be used as the ab- 
scissa coordinate. _ Also, it was sometimes more convenient to 
use the logarithm of the Reynolds number, or to plot on semi- 
logarithmic coordinate paper. Whichever Reynolds’ number 
was used in the first step was used ordinarily throughout the 
succeeding steps. However, for the final comparison, only one 
was used, in this case R;. This means that, when Rp was used 
in the first four steps, it was necessary to apply Equation [4] to 
the curves in D, Fig. 1, before cross-plotting to obtain the final 
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set of # curves. This shifted each curve in D to the right, but 
by different amounts, the lower the diameter ratio the greater 
the amount of shift. It is evident that this alters the shape 
of the curves which are obtained in the final step by cross-plotting 
the D group of curves. 

Furthermore, each author used his own estimation of the weight 
to be placed on the results from the different laboratories, par- 
ticularly when two or more laboratories calibrated the same 
nozzle. These three individual sets of curves were then com- 
pared, line by line and the arithmetical mean taken as the basis 
for the curves herein presented. 


442 


CoErFFICIENTS FoR Lonc-Rapius Frow Nozzies, TOLERANCES, 
AND RANGE OF APPLICATION 


The average curves obtained from the three analyses are shown 
in Figs. 2, 3, 4, 5, 6, and 7, applying to flow nozzles in 2-, 3-, 
4, 6-, 8, and 10-in. pipes, respectively. These curves con- 
stitute the Committee’s recommendation on the values of dis- 
charge coefficients for the long-radius or elliptical type of flow 
nozzle when the inlet-pressure connection is located 1 pipe diam 
preceding the inlet face of the nozzle, and the outlet-pressure 
connection is 1/2 pipe diam following the inlet face of the nozzle. 

The average difference between the results reported here and 
any one of the three individual analyses is about +0.2 per cent, 
while the maximum difference is about 0.5 per cent. However, 
between the results reported by different laboratories on tests of 
the same nozzle, the differences were as much as 1 per cent to 1.5 
per cent, even when the same sections of pipe had been used. As 
a rule, the differences were larger at the low Reynolds numbers 
than at the high. Therefore, the authors suggest that, in the 
use of these nozzle coefficients, a tolerance (i.e., the probable range 
uncertainty) of +0.75 per cent be allowed at Reynolds’ numbers 
Ra of 500,000 and over, with 3-in. pipe and larger. At lower 
values of R, and with 2-in. pipe, the tolerance should be +1 
per cent, 

While the coefficient curves for all six pipe sizes have been 
extended up to a diameter ratio of 0.85, it is recommended that 
the use of diameter ratios in excess of 0.8 should be avoided 
wherever possible. The reasons for this recommendation are 
(a) the test data for diameter ratios over 0.8 were less extensive 
and more irregular than for the lower values of the ratio; (6) 
the slope of the curves is increasing rapidly in the 0.8 to 0.85 
region, and the errors due to any uncertainty in the calculation 
of the diameter ratio or to reading the coefficient value from the 
curves will be greater than at the lower values of 8. 

* A careful comparison of the curves for use with the different 
pipe sizes will show there is very little change in the value of the 
coefficient with pipe size, particularly with the larger pipes. 
Any further change in coefficient values with pipe size above a 
10-in. pipe will probably be very slight. Therefore, it is sug- 
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gested that for nozzles in pipes larger than 10 in. the coefficient 


curves for 10-in. pipe may be used without introducing any ap- 
preciable error. 
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Discussion 


W. A. Carrer.® In connection with the graph showing the 
large spread of discharge coefficient of a certain flow-nozzle in- 
stallation plotted against the Reynolds number, which appears in 
the authors’ closure to this paper, it is noted that the installation 
involved corner taps. 

The writer believes the authors will agree that such installa- 
tions are much more susceptible to erratic performance than are 
those having the pressure taps located 1 pipe diam upstream and 
1/. pipe diam downstream from the nozzle inlet, which latter is a 
type of installation with which the paper is concerned. 

Corner taps are known to be dependent upon the width of the 
pressure-slot opening if the I.S.A. nozzle design is employed. A 
small variation in the thickness of the gaskets may seriously 
affect the nozzle coefficient. 


W. W. Jounson.’? Inasmuch as the data given in this paper 
supply authoritative values of nozzle-discharge coefficients over a 
wide region, where heretofore only meager information has been 
published, the paper will be greatly appreciated by engineers 
having flow problems to handle. 

In order to clarify certain questions which have arisen will the 
authors supply answers to the following: 

Are the coefficients given in the paper for low-ratio or high- 
ratio nozzles, as defined in “Instruments and Apparatus,”’ part 5, 
chapter 4,8 or both? 

What rules were followed in regard to wall thickness of the test 


6 Technical Engineer, Power Plants, The Detroit Edison Company, 
Detroit, Mich. Mem. A.S.M.E. 

7 Research Engineer, Turbine Engineering Department, General 
Electric Company River Works, Lynn, Mass. Mem. A.S.M.E. 

8 Information on Instruments and Apparatus, Part 5, Chapter 4, on 
Flow Measurment by Means of Standardized Nozzles and Orifice 
Plates, published by The American Society of Mechanical Engineers, 
29 W. 39th St., New York, N. Y. 
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nozzles, and what would be the effect on the coefficients if rela- 
tively heavy walled nozzles were used? 

Why have the coefficients not been given for throat Reynolds’ 
numbers less than 50,000 and what, in general, was the result of 


) the tests at the lower range of Reynolds’ number? 


W. V. Kine. Two high-ratio flow nozzles for unit No. 7 at 
Waterside Station No. 2 of the Consolidated Edison Company 
have been calibrated at Ohio State University by S. R. Beitler. 
The results of these calibration tests present an interesting dis- 
cussion to this paper because they tend to substantiate the opin- 
ion of the authors that it is difficult to predict the coefficient of 
flow nozzles with diameter ratios above 0.8 to any reasonable 
degree of accuracy. 

Both of these nozzles were designed for 700,000 lb steam flow 
per hr at 1300 psi pressure and 925 F temperature. To limit the 
differential head to 212 in. of water at rated steam flow, it was 
necessary to use flow nozzles with a diameter ratio of 0.8366. 

The Reynolds number on these nozzles, corresponding to rated 


9 Assistant Engineer, Consolidated Edison Company, Inc., New 
York, N. Y. Mem. A.8.M.E. 
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steam flow, is 10,000,000, equivalent to nearly 3 times the maxi- 
mum Reynolds number obtained on test with water. Therefore 
it was necessary to extrapolate the calibration tests by a method 
which appears to give the most accurate determination of coef- 
ficient at design conditions. This basis of extrapolation is the 
relation that the logarithm of the actual water flow plotted 
against the logarithm of differential head is a straight line. The 
method of extrapolation is explained as follows: 

1 All test points were corrected to a constant temperature; 
the differential head by a factor equivalent to the ratio of water 
densities, and the actual water flow by a factor equivalent to the 
square root of the water-density ratio. To minimize the magni- 
tude of these corrections, the variation of water temperatures 
during test was confined to 5 deg for nozzle No. 59535 and to 3 
deg for nozzle No. 59534. 

2 The equation of a straight line expressing the relation be- 
tween the logarithms of actual flow and differential head is log 
Q =A-+ Blog h, where A is the intercept and B is the slope of 
that line. The equation of the best line through the test points 
can be calculated most accurately by the method of least squares, 
applying the relations 
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2B logh + NA = ZlogQ 


DA log h + =B (log h)? = = log Q log h 
where N is the number of test points. 


3 Since the coefficient of discharge is equivalent to the actual 
water flow divided by the theoretical flow (Q = K/h), itis a 
simple mathematical procedure to determine the logarithm of the 
coefficient in terms of the logarithms of differential head, actual 
water flow, and Reynolds’ number which are all straight lines. 

The final calibration curves on these two nozzles are presented, 
first, to indicate the apparent accuracy of extrapolation and then 
to show the difference in discharge coefficient between two nozzles 
with the same diameter ratio of 0.8366. 

The coefficient curves for nozzle No. 59535 installed in a bored 
tube do not vary from any test point by more than 0.1 per cent 
and the curve is the best average of the test points. Unfortu- 
nately, the coefficient curves for nozzle No. 59534, installed in an 
unbored tube, pass through four test points, fall under two 
test points by approximately 0.15 per cent, and lie above one test 
point by approximately 0.35 per cent. With the exception of 
one test point, the calibration-test accuracy falls within 0.15 per 
cent of the faired curves. 

A comparison of these coefficient curves indicates that nozzle 
No. 59534 has a coefficient approximately 2 per cent greater than 
nozzle No. 59535, and also that the coefficient for nozzle No. 59534 
is relatively flat compared to the coefficient for nozzle No. 59535. 

Experience with high-ratio flow nozzles has prompted the 
following comments on paper: 

1 The plotting of a smooth curve, representing the locus of 
test points, by an arithmetical average may be sufficiently accu- 
rate when the spread of points from the faired curve is not ex- 
cessive and when the test covers the entire range of Reynolds’ 
numbers. Whenever an extensive extrapolation is required, it is 
preferable to use the method of least squares in averaging the test 
points. 

2 The straight-line relation between logarithms of flow and 
head discloses that a plot of the logarithm of coefficient against 
logarithms of differential head, actual water flow, and Reynolds’ 
number also have a straight-line relation. Therefore, any direct 
plot of coefficient against Reynolds’ number might introduce in- 
accuracy, provided the coefficient curve has a steep slope and test 
points cover a great range of Reynolds’ number. 

The authors are to be commended on presenting these extensive 
test data on flow nozzles in such a concise manner. Due to the 
tremendous amount of work necessary in preparing this paper, 
the methods used by the authors in extrapolating and averaging 
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coefficient curves appear to be the most suitable that could be 
applied under the circumstances. This discussion has been pre- 
sented to introduce additional data on the higher-diameter-ratio 
nozzles and to show what appears to be a more desirable method 
of extrapolating test data on coefficient of discharge to procure 
the greatest accuracy possible. 


W. S. Parpor.” From an inspection of the graph giving the 
coefficient curves of high-ratio flow nozzles, with pipe taps, which 
appears in the closure to this paper, it is suggested that the 
authors might do well to consider the use of throat taps for high- 
ratio nozzles. 

Fig. 11 of this discussion shows the test of an 11.064 X 
9.346-in. flow nozzle with throat taps. The coefficient curve is 
quite normal and is flat from Reynolds’ number 200,000 up. 


AutTHors’ CLOSURE 


Mr. Carter refers to Fig. 12 of this closure which shows the re- 
sults of tests on large-diameter-ratio nozzles when corner taps 
were used. The purpose of this illustration is to emphasize the 
difficulty of correlating the results when there is so much scatter- 
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ing. It is for the reason that there is more scattering with corner 
taps, as mentioned by Mr. Carter, that this particular plot is re- 


10 Professor of Hydraulic Engineering, University of Pennsylvania, 
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produced. It may be added that the location of the pressure 
taps, as between corner taps and pipe-wall taps, is more impor- 
tant than the nozzle-entrance forms, as represented by I.S.A. 
and long radius. 

In reply to Dr. Johnson’s questions, as shown by the curves 
in Figs. 2 to 7, inclusive, of the paper, the coefficients given cover 
diameter ratios all the way from 0.2 to over 0.8, so that they 
apply to both low-ratio and high-ratio nozzles, as these terms 
were originally defined by the committee. The meanings of the 
terms “low-ratio” and “high-ratio” are clearly defined and illus- 
trated in Fig. 13" of this closure. It should be noted that the 
nozzle proportions given in Fig. 20 of Dr. J ohnson’s reference® do 
not correspond exactly to those given in Fig. 12 just referred to. 
The most important difference is in the length of the parallel 
portion of the throat. Except for a few nozzles loaned to the 
committee, the length of the throat section of all nozzles. did not 
exceed the 0.6D) shown in Fig. 13 of this closure. Of course, 
with the I.8.A. nozzles that were used, this throat section is even 
shorter. 

Tt has been known for some time!” that a long throat section 
will result in lowering the value of the discharge coefficients 
slightly. This will be particularly true as the throat diameter is 
decreased. Therefore, it cannot be expected that the coefficient 
values given in the present paper will apply exactly to small- 
diameter nozzles if made with as long a throat section as is called 
for by Dr. Johnson’s reference.* It is unfortunate that such a 
discrepancy should exist between values given in papers by two 
committees of the Society. The authors do not know the source 
of Fig. 20 of that report. However, as one of the authors is a 
member of the subcommittee which prepared the former report, 
he accepts his share of the responsibility for the difference be- 
tween the two figures. 

As to the wall thickness of the nozzle throat there was no gen- 
eral rule. For the larger-diameter-ratio nozzles, there was the 
requirement that there be some clearance (over 3/15 in. diam) 
between the outside surface of the nozzle throat and the inner 
surface of the pipe. The purpose of this clearance is to provide 
fluid passage to the outlet-pressure tap when this is ‘‘under” the 
nozzle throat. This made it necessary to have the throat-wall 
thickness about 1/s in. for some of the larger nozzles for 4-in. and 
smaller pipe. For most of the nozzles the throat-wall thickness 
ranged from about $/1¢ in. for 2-in. pipe to 5/s in. for 8- and 16-in. 
pipe. So far as the authors know, the principal advantage of a 
thick wall is to diminish the possibility of the nozzle being dam- 
aged or deformed in handling. 

The authors believe that the range of Reynolds’ numbers 
covered in the present paper probably meets 75 per cent or more 
of the cases in commercial use. Moreover, there is much less 
scattering of the test data in the higher Reynolds’ number range 


11 Reproduced from paper, “Research on Flow Nozzles,” by H. 5S. 
Bean, Mechanical Engineering, vol. 59, 1937, Fig. 1, p. 501. 

12 “Measurement of Flow of Air and Gas With Nozzles,’”’ by S. A. 
Moss, Trans. A.S.M.E., vol. 50, 1928, paper APM-3, pp. 1-10; dis- 
cussion by H. S. Bean, pp. 13-15. 
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so that it was easier to obtain agreement over that region. 
Therefore, it seemed advisable to present this much of the re- 
sults so users could have the benefit of it. As shown by Table 1 
of the paper, some data were obtained for throat Reynolds’ 
numbers of less than 100 and these results will be presented in a 
later paper. However, the spread of coefficients at low Reyn- 
olds’ numbers is much greater than for the region here con- 
sidered, so that they will be subject to a much larger tolerance 
than given for these results. 

As to Professor Pardoe’s suggestion, some eight to twelve 
nozzles provided with throat taps were used in the research 
program, although none was much if any over 0.5-diam ratio. 
Two of the nozzles were equipped with four pressure holes at 90 
deg. With both of these, the results were more or less different 
with each pressure hole. While such a limited number of tests 
is insufficient as a basis for a final conclusion, it does strengthen 
the authors’ belief that placing a pressure hole in a nozzle throat, 
where the fluid velocity past the hole is the highest, adds to the 
difficulties of obtaining reproduceable conditions. Moreover, 
except where the nozzle is of the solid-block type, the use of a 
throat tap adds considerably to the cost of construction. 

Mr. King has shown a method which may be followed where it 
becomes necessary to extrapolate far beyond the range of the 
test data. The authors agree that, if practicable, for such cases, 
it is always better to use a method of plotting which results in 
straight lines. 

However, it should be pointed out that there are but scant pub- 
lished data to support the assumption that the actual flow is: 

Q = Kh", where n is a value different from the theoretical 
value of 0.5, which is the assumption upon which this straight 
line is drawn. It is also apparent that, if the curve is to be used 
for extrapolation, the head scale is being extrapolated 9 times its 
highest reading if the quantity and Reynolds’ number curves are 
being extrapolated to 3 times their value. 

These facts seem to indicate that Mr. King’s suggested method 
requires more proof as to its accuracy before it can be accepted 
as the best method of extrapolation of these data. 

Referring to the difference in coefficients between Mr. King’s 
nozzles No. 59534 and No. 59535, the authors believe this illus- 
trates the desirability, not only of keeping the ratio of throat 
diameter to pipe diameter at or below 80 per cent whenever pos- 
sible, but also of boring the pipe so as to make the pipe surface 
concentric with the nozzle throat and as smooth and free from 
local irregularities as possible. Naturally, the effect of such sur- 
face roughness and eccentricity is greatly minimized with nozzles 
of small diameter ratio, but quite likely to be magnified as the 
diameter ratio increases. 

In comparing the shape of the coefficient curves of these two 
nozzles in Fig. 10 of Mr. King’s discussion, it must be remembered 
that twice as much data were taken on the bored-pipe nozzle No. 
59535 as with the unbored-pipe nozzle No. 59534; and that, had 
a slight amount of data been taken with nozzle No. 59534, the 
shape of its coefficient curve would likely have been much the 
same as the curve for the bored-pipe nozzle. 
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Remarks on the Analogy Between Heat 
Transfer and Momentum Transfer 


By L. M. K. BOELTER,! R. C. MARTINELLI? anp FINN JONASSEN? 


This paper presents an extension of Von Karmdan’s 
analysis of heat transfer to fluids in closed conduits, based 
on the analogy between heat transfer and momentum 
transfer. For a particular ideal system, an expression for 
the temperature distribution in a fluid in turbulent mo- 
tion being heated or cooled inside of a circular pipe is de- 
rived and a relation is obtained between Nusselt’s modulus 
and the pipe-friction factor for ‘‘isothermal’”’ heat trans- 
fer. This equation is extended to apply in cases in which 
the physical properties of the fluid vary across the section 
of the pipe. The apparent variation of the dimensionless 
distance parameter y+ with ratio of wall viscosity to 
laminar sublayer viscosity and Reynolds’ number is ob- 
tained. A comparison between the equation developed 
in the paper and the Nusselt empirical equation, in- 
cluding the constants evaluated by Dittus and Boelter, 
is made. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


a = constant in empirical equation for viscosity 
A = area perpendicular to heat flow, ft? 
A» = inside surface area of pipe, ft? 
b = exponent in empirical equation for viscosity 
Cp = unit heat capacity of fluid, Btu/lb deg F 
C = constant 
D = diameter of pipe, ft 
f = friction factor for flow in pipe, dimensionless 
f. = unit thermal conductance between pipe and fluid, 
Btu per (hr) (sq ft) (deg F) 
g = gravitational constant, ft/hr sec 
k = thermal conductivity of fluid, Btu per (hr) (ft?) 
(deg F/ft) 
1 = Prandtl mixing length, ft 
In = natural logarithm 
m = exponent of Re in empirical heat-transfer Equation 
[2]; also subscript indicating mean temperature 
n = exponent of Pr in Equation [2]; also subscript denot- 
ing location of thermal resistance 
q = radial rate of heat transfer, Btu per hr 
go = radial rate of heat transfer through pipe wall, Btu/hr 
r = distance from center of pipe to any point, ft 
ro = radius of pipe, ft 
¢ = temperature at any point y, deg F 
t’ = fluctuating component of temperature, deg F 
t,; = temperature at outer edge of laminar sublayer, deg F 
t,, = temperature of pipe wall, deg F 
u = average axial velocity of flow at any point y, fps 


1 Professor of Mechanical Engineering, University of California, 
Berkeley, Calif. Mem. A.S.M.E. 

2 Instructor in Mechanical Engineering, University of California, 
Berkeley, Calif. 

Contributed by the Heat Transfer Professional Group and presented 
at the Annual Meeting, New York, N. Y., December 2-6, 1940, of 
Tus AMERICAN SociETY OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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Abtmax 


Atmean 


velocity at edge of laminar sublayer, fps 

fluctuating component of axial velocity, fps 

average axial velocity at center of pipe, fps 

mean velocity of flow based on rate of discharge and 
pipe area, fps 


T0 


dimensionless “‘velocity” parameter = ‘" 


p 
fluctuating component of velocity perpendicular to 
axis of pipe, fps 

distance from wall, ft 

distance from wall to outer edge of laminar sublayer, 
ft 

distance from wall to outer edge of buffer layer, ft 


* y/v 
p 


dimensionless parameter fixing dimensions of laminar 


i 
qin 
Pp 


dimensionless parameter fixing dimensions of buffer 


ie 
\" Yo/v 
p 


difference between temperature of pipe wall and any 
point y, deg F 

difference between temperature of pipe wall and center 
of pipe, deg F 

difference between temperature of pipe wall and aver- 
age (mixed) temperature of fluid, deg F 

eddy diffusivity, ft?/sec 

weight density of fluid, lb/cu ft 

K4rm4n constant = 0.4 

viscosity of fluid, lb-see/ft? 

viscosity of fluid at temperature 4, lb-sec /ft? 

mean fluid viscosity in laminar sublayer, lb-sec/ft? 
viscosity of the fluid at the temperature 1,,, lb-sec /ft? 
kinematic viscosity of fluid, ft?/sec 

kinematic viscosity of fluid at temperature h, ft?/sec 
function which fixes velocity at edge of laminar sub- 
layer 

density of fluid, (lb sec?)/ft* 

unit shear at any point y, lb/ft? 

unit shear at wall, lb/ft? 

function 


dimensionless “‘distance’” parameter = 


sublayer = 


layer = 


SD 


Nusselt’s modulus = 


Nusselt’s modulus of laminar sublayer 

Nusselt’s modulus of buffer layer 

Nusselt’s modulus of turbulent core 

Nusselt’s modulus of any of three fluid layers 
Prandtl’s modulus = ye,g/k 

Prandtl’s modulus at temperature ¢, 

Prandtl’s modulus at mean (mixed) fluid temperature 


Umean Dp 
Reynolds’ modulus = re 
Le 


Reynolds’ modulus at mean (mixed) fluid temperature 
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INTRODUCTION 


Application of the theory of similarity to the differential equa- 
tions of heat transfer and fluid flow yields the result that for heat 
transfer from a fluid to a solid boundary in similar systems a rela- 
tion 

Nae 59 REMIERYBr iaca one Grete ater [1] 
will exist. The function ¢ may be formulated from experimental 
data and, for purposes of design, an empirical expression of the 


form 
Nai Cl pee epee tA ha (2] 


is normally employed. 

Reynolds (1),* and later Prandtl (2), G. I. Taylor (3), and von 
Karman (4) have attempted to deduce the form of the function 
¢ analytically for turbulent flow by comparing the exchange of 
momentum and of heat. Reynolds dealt with a purely turbulent 
system in which exact similarity between temperature and ve- 
locity fields was postulated (i.e, Pr = 1). Prandtl and G. I. 
Taylor extended the analogy to other values of the Prandtl 
modulus Pr by introducing a concept which included a laminar 
sublayer and a turbulent core. Von K4rmén defined a buffer 
layer (of particular characteristics) which was located between 
the laminar layer and the turbulent core. 

An attempt is made by the authors of this paper to provide an 
extension of the ideal system of von Kdrm4n. In this ideal 
system, the resistances to heat transfer from a solid boundary to 
a fluid consist of the following: 

1 A laminar sublayer in which viscous forces predominate. 
The heat is transferred through this sublayer by conduction only. 

2 A “buffer” layer in which both viscous and eddy forces are 
important and through which heat is transferred by both thermal 
conduction and eddy diffusion. 

3 A core of fluid in which eddy forces predominate. The heat 
is transferred in the core by eddy motion only. 

The rate of heat transfer per unit area and the unit shear at 
any point in the system may be expressed as follows: 

Rate of heat transfer 


Unit shear per unit area 


Laminar T du q dt 
sublayer pe Lae hs apie dy 
Buffer T du gq y dt 
layer e mer dy Acyy a (Z 2 .) dy 
Turbulent a des q dt 
core pe May Aejy dy 


3 Numbers in parentheses refer to the Bibliography at end of paper. 
4 See Note 1 of Appendix. 
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JULY, 1941 
For Pr = 1 the temperature and the velocity fields are similar. 
The evaluation of the unit shear and the rate of heat transfer 
du 
require a knowledge of the velocity gradient (=) at every point 
y 
in the system. 


“TsorHERMAL” Herat TRANSFER IN A CircULAR Pipp 


For circular pipes, the experimentally determined velocity 
distribution may be correlated (7) by plotting the parameter 


TO 

rey 
u p 
a et qe ees 


against y 


One curve is obtained for all magnitudes of Reynolds’ modulus, 
Re. This plot is shown in Fig. 1. 
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Fie. 1 Verocrry Disrrisution Across A Piper, REPRESENTED BY 


MEANS OF GENERALIZED COORDINATES 


The following equations express the velocity distribution in 
the three fluid layers: 


Laminar sublayer (0 < y* < 5) a 
Buffer layer (6 < yt < 30) ut = —3.05 + 5.00 In y* 
Turbulent core = 5.5 + 2.5 In yt 


Ss 
+ 
| 


du 
These equations allow the determination of ie at any point 
y 


in the flow system. The thermal resistance of each of the fluid 
layers may be calculated from the equations relating u* and yt. 
The necessary operations are given in Table 1. The following 
specifications of the ideal system are to be added to those listed: 
1 All fluid physical properties are independent of temperature; 
i.e., “isothermal” heat transfer is postulated. 


TABLE1 DEFINITION OF IDEAL SYSTEM—ISOTHERMAL HEAT TRANSFER IN A CIRCULAR PIPE 
EXPERIMENT Ei T ] = 
| yeu Hee | SHEAR SHEAR EQUATION eames, RATE OF HEAT FLOW a TEMPERATURE DROP | INTEGRATED FORM OF At Mite es 
f TET vo + ye 
Eee | Re «0 a 4 at @ [2 at. 24 wo EF 
| : : | P 7, a 
| ut =-305+s00 In y oe |E p i Uy YF | (- 1} 
rer, ure re (ae =-/% +e} dt gh 2\_4 24 z-H) VE Inli+er 
| BUFFER LAYER | Bates - | Fe 98 |e ey lm ‘ja & rt ed At Ego srry i wr a 
| | a 4 
i 7 T 
4)| Leu(i-4) - «du «- ['de 5’ 125 
TURBULENT | Soe + | rex(-2)| FB(-#) ay dt 2 (\- 2\4 a B ln hn 
[ ae age eels | t-a)| FTA R) © “ay 1-xuyi- We Per £(I-z) ate \ bts ny usa Z 


=AREA PERPENDICULAR TO HEAT FLOW AT ANY y 
“FRICTION FACTOR 

= THERMAL CONDUCTIVITY OF THE FLUID 

=PRANOTL MIXING LENGTH =DENSITY OF FLUID 


« =EDOY DIFFUSIVITY 

Bare 

v 

Pp 
=RATE OF HEAT TRANSFER (RADIAL) AT ANY y tT =SHEAR AT ANY POINT 

r, 

Po 


=KARMAN CONSTANT+040 
=KINEMATIC VISCOSITY OF FLUID 


=RADIUS OF PIPE. 22 SHEAR AT WALL 

=TENPERATURE OF FLUID AT ANY POINT y «UNIT WEIGHT OF FLUID 

=VELOCITY AT ANY POINT y j 

=DISTANCE FROM THE WALL FEES Sh BE 

y=DISTANCE FROM WALL TO EOGE OF LAMINAR susLaYeR = U's 

=DISTANCE FROM WALL TO EDGE OF BUFFER LAYER 

GrUNIT HEAT CAPACITY OF FLUID ‘ ey 

Z-RATE OF HEAT TRANSFER (RADIAL) AT y =O a 

A> 21isSURFACE AREA OF PIPE yt F y, 
ylFs 


ce eraeowep 


=) 


L= LENGTH OF PIPE 


«xs 


NU= NUSSELTS MODULUS 
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2 The shear is constant in both the laminar sublayer and 
buffer layer, Fig. 2. 


—PIPE WALL 


1 


=> BUFFER LAYER 


Fig. 2. Unrr-SHear Disrripution Across PIPE 
(As employed in ideal system presented in this paper.) 


3 The rate of radial heat flow per unit area is constant except 
in the turbulent region where it varies linearly to zero at the 
center. The postulate may be shown to be very nearly the case 
by performing a heat balance on a differential annulus of fluid. 

4 The mixing length 1, in the turbulent region is defined (8) 
by the equation 

l= xy VJ 1— y/ro 
Experimental evidence reveals that this equation does not repre- 
sent the facts. However, Prandtl (9), in effect,® by making the 
same idealization, adequately represented the velocity distribu- 
tion in a pipe. 


d 
5 The velocity gradient a is not zero at the center of the 
y 


pipe. This is a well-known weakness of all present-day loga- 
rithmic expressions for velocity distribution. 


From Table 1 the total resistance to heat transfer may be ob- 


tained 
3 
DS 
Nu 7 Nun 


Using values of y:+ = 5 and y2+ = 30, which are reasonable from 
an inspection of the data in Fig. 1, the final result is 


ci 
N 8 
= ee] 
Re Pr op ee Re “| 
5] Pr+in (i + 5Pr) + 0.5 rs 3 


Nu 
This expression for ReP is based on the temperature difference 
e Pr 


between the pipe wall and the center of the pipe. Experimental 
results are always based on an average fluid temperature. Thus, 
to compare Equation [3] with experimental values, the right side 
should be divided by the ratio 


* Atmean [4] 
IN nds Si siasiiny Gikatici’a (eiys} v 1¥).0) se (w (ele vo, 3) ey One 


The temperature-difference ratio expressed in Equation [4] may 
be determined analytically from Equation [3]. 

The thermal resistance from the wall to any point y, located 
in the turbulent core, is given by 


5 See Note 2 of Appendix. 


449 


ae sep eae ED 
gin VE (ert nc +579 to5m Be aL). in 


The resistance to the center of the pipe is 


Se ae . Re .[f 
gn Yo (Pr tina tor + 05m L) 6 


Thus the temperature distribution in the turbulent core is 
given by 


Pr + In (1 +5 Pr) + 05m Bu aff 
To 


At 8 


: [7] 
11) ‘ r Ol Vag a. 
2) 7 2) 60 8 


A plot of the temperature distribution for various magnitudes 
of the Prandtl modulus Pr at Reynolds’ modulus Re equal to 
10,000 is shown in Fig. 3. 


—-|7-7— LAMINAR SUBLAYER 
—7 [| BUFFER LAYER 


i 


Wr 
Fie. 3 Prepicrpp TEMPERATURE DIsTRIBUTION AcROss PIPE 
Secrion For Various MaGnituprs oF PRANDTL MopuLus AT 
ReyNoups’ NuMBER = 10,000 
(Prediction is based upon Equation [7].) 


The velocity distribution (10) is given by the equation 


At a value of Pr = 1 the temperature distribution should be 
identical with the velocity distribution. Setting Pr = 1 in Equa- 


tion [7] 
Rey if 
F.4d on — — Ol 
At 2 a e 2 To yi 


esa BAB 0 Ba ae 
A ‘e == ere 
2 V8 


which agrees favorably with Equation [8]. 
The mean temperature may be obtained graphically from the 
velocity and temperature distributions. Thus for an incom- 


pressible fluid 
epi At 
x rdr 
Atmean 0 Umax Atmax 


= ee Os [10] 
Atmax U 

Xx rdr 

0 Umax 


Curves of this expression for several magnitudes of Me are repre- 
sented in Fig. 4. Inclusion of the effect of compressibility within 
the range of magnitudes employed by the experimenters quoted 
in this paper yielded results which did not differ appreciably from 
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5000, 10,000, anv 100,000 
(Refer to Equation [10].) 


those of Equation [10]. Thus, for comparison with experimental 
data, Equation [3] becomes 


\: Moe 
Nu 8 Atmean 


RePr jae Ip 
5| Pr+inQi@4+5Pr) +0.5ln— @/= 


60 ¥8 


Plots of this expression for various magnitudes of Re are shown 
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(Predicted magnitudes apply to ideal isothermal heat-transfer system.) 


a ai 


in Fig. 5, as well as the data of Eagle and Ferguson (11) and Col- 
burn and Coghlan (12). The correlation is seen to be good except 
at low values of Re. This discrepancy may be due in part to the 
fact that, since thermal calming sections were not used, the 
temperature distribution considered in this analysis was not at- 
tained until the fluid traversed a considerable distance in the 
test section. This distance would be shorter the higher the mag- 
nitude of the unit thermal conductance. Thus better correla- 
tion at high Reynolds’ numbers may be expected. 


N 
The lower limit of R = is that given by Equation [3], in which 
ePr 


case the temperature is, in effect, considered constant across the 
pipe section. Calculatiomreveals that the experimental points 
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of Colburn and Coghlan fall between this lower limit and that 
given by Equation [11]. 


Nu 
Equation [11] indicates that ReP is directly proportional 
e Pr 


to \! with another term involving the friction factor in the 


denominator. 
For Pr = 1, Equation [11] becomes 
4: Ateat 
Nu a 8 Atmean [12] 
Rope T a F eee 
5/14+m64+05m— QI 
eeu ren ENS 


As shown in Table 2, the coefficient of ¥ is almost numerically 


equal to ¥. so that the following relation results 


This result was obtained by Reynolds (1) for the ideal system in 
which the heat transfer was accomplished by eddy diffusion only. 


TABLE 2 COMPARISON OF MAGNITUDES INVOLVED IN 
EQUATION [12] 


Re f 
i 5 (1+ m6 +o5m Be 7) 


Re Atmax/ Atmean 
5000 14.3 15.0 
10000 15.8 16.6 
100000 21.4 22.0 


NONISOTHERMAL Heat TRANSFER IN A CIRCULAR PIPE 


The previous analysis is applicable only to “isothermal” heat 
transfer, since variations of viscosity and other fluid properties 
with temperature were not considered. The data of Colburn and 
Coghlan and Eagle and Ferguson are comparable to these condi- 
tions for, in the former, variations of viscosity were small and, 
in the latter, all results were extrapolated to conditions of zero 
heat transfer. On the other hand, the analysis of heat transfer 
in fluids which possess a highly variable viscosity requires the 
definition of another ideal system. In particular, the boundary 
of the laminar sublayer for nonisothermal flow requires investiga- 
tion. The dimensionless variable, y+, which fixes the outer 
boundary of the laminar sublayer will be redefined as a point 
function (exclusive of the unit-shear term which is defined as 
constant). Thus 


Vv) 


where 7; is the kinematic viscosity of the fluid at the edge of the 
laminar sublayer and 7» is the shear at the wall under nonisother- 
mal conditions. Evaluation of the thermal resistance of the 
laminar sublayer yields the expression 


Nu ~~ RemPr, 

Without introducing too great an error, the remainder of the 
fluid system may be defined as possessing a constant viscosity 
which is fixed by the mean fluid temperature. The expression for 


then becomes 
Re Pr 
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Nu 


RenPre - 


jy ae 


8 Atmean 
25.2 
4 Ei 4 


\ 
yt | Prt in(1 + Pr, 4221} ) 
Yi 


yt 60 8 


[16] 


Examination reveals that Equation [11] is a special case of 
Equation [16]. A large variation of viscosity across the laminar 


| sublayer should cause variations in y:+, which fixes its boundary. 
yi 


To determine this variation, the data of Morris and Whitman 
(13) were substituted into Equation [16]. Excellent correlation 
resulted, y:+ being a function of Reynolds’ modulus, and the ratio 


*v where My» = the viscosity of the fluid at the wall temperature 
Hi 
and m, = the viscosity of the fluid at the temperature existing at 
the edge of the laminar sublayer.® 

The results of the computations are shown in Fig. 6, and are 
tabulated in Table 3. Using the curves of Fig. 6 and the experi- 


} TABLE 3 MAGNITUDES OF y+ 


Hw Rem Rem Rem Rem Rem Rem 
M1 3000 5000 10000 20000 40000 100000 
0.10 as we ee ne Ste Fit 
0.20 2.30 ee OO are BE: os 
0.30 3.12 2.34 aa ais AG ae 
) 0.40 3.70 3.07 2.40 ee a0 aie 
/ 0.50 4.10 3.60 3.09 2.60 2.00 ove 
0.60 4.43 4.03 3.62 3.34 2.90 2.50 
0.70 4.68 4.40 4.10 3.90 3.62 3.40 
0.80 4.82 4.70 4.50 4.40 4.25 4.10 
0.90 4.95 4.90 4.80 4.75 4.70 4.65 
1.00 5.00 5.00 5.00 5.00 5.00 5.00 
1.50 4.95 4.80 4.60 4.35 4.00 3.75 
2.00 4.89 4.52 4.20 3.75 3.00 2.50 
3.00 4.75 4.18 3.60 2.70 sis BO 
4.00 4.65 3.90 3.15 6 
5.00 4.57 3.70 5 
6.00 4.50 me 
7.00 : Be 
6.0, —- 7 
50 
40) 
30 
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20) RE-3,000 \ IF 
=| 
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10 W ST le + 
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Fic. 6 Magnitupen or yt aT INTERFACE BETWEEN LAMINAR SUB- 
LAYER AND Burrer LAYER AS A FUNCTION oF RaTIO OF WALL TO 
INTERFACH ViscosiTies, REYNOLDS’ NuMBER AS PARAMETER 


mental conditions of Colburn and Coghlan, Eagle and Ferguson, 
Morris and Whitman, and J. F. D. Smith (14), magnitudes of 
Nu were computed. The magnitude of the predicted Nusselt 
modulus employing Equation [16] was plotted against the ex- 
perimental magnitudes in Fig. 7. 

The friction factors used in the foregoing correlation were ob- 
tained from the isothermal friction-factor curve? at a Reynolds 
number computed using the mean laminar sublayer viscosity py 
instead of the viscosity at the mean fluid temperature y,,. This 
viscosity (17) may be found from the relation 


€ See Note 3 of Appendix. 
7 See Note 4 of Appendix. 
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by = — 16 are SO oC aE ORe {17] 

yw SO 

a 
Ify = e (an empirical expression of wide application)—then 
1x? 
eo ee 

Ky 

uy = iS peeves [18] 


A plot of this expression is shown in Fig. 8. 


A comparison of the predicted value of 4! as compared with 


the measured values of J. F. D. Smith is shown in Fig. 9. The 
check is usually within 6 per cent which is sufficiently accurate for 
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the correlation shown in Fig.7. Rohonczi (16) suggests a method 
of presenting the nonisothermal friction factor in terms of 
Reynolds’ modulus evaluated at the wall temperature. This 
method results in over-correcting the friction factor. 
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A practical limit to the correlation with the available experi- 
mental data exists. This limitation is illustrated as follows: 


Investigators Run Rem Prm ro Nu 
J. F D. Smith 13 (cooling) 5410 103 4.0 “geet 
Morris and Whitman F 16 5460 99 3.4 98.0 


Thus for practically identical experimental conditions the two 
investigators reported a difference in Nusselt’s modulus of 40 per 
cent. Some of this difference is explained by the fact that Morris 
and Whitman used commercial pipe, while J. F. D. Smith used 
smooth pipe. Even after making allowance for this fact the 
values of Nu differ by about 30 per cent. 

In order to compare the results from Equation [16] with the 
empirical equations (15). 

0-8 0-4 


Nu = 0.0243Re,,Pr,, (heating).......... {19] 
0-8 0-3 
Ni =0:0265Reo Pr (GOOMR®) era. = oe {20] 


the same experimental values used in Fig. 7 are plotted against 
the values computed by Equations [19] and [20], and are shown 
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in Fig. 10. In Equations [19] and [20] the fluid properties are 
evaluated at the arithmetic mean fluid temperature. 

Inspection of Equation [16] indicates that Nu should be prac- 
tically independent of Pr for large magnitudes of the Prandtl 
modulus. However, variations of y:* accompany the variations 
in viscosity which always occur in the experimental determina- 
tion of Nu. These variations in y:* give the apparent influence of 
Pr expressed by Equations [19] and [20]. 

The velocity existing at the edge of the laminar sublayer for 
nonisothermal conditions may be readily estimated. Since 


yi 
d 
and in = ib To ay 
0 Kw 


which upon integration with 


becomes 


or 


A plot of the function é is given in Fig. 8. 


CONCLUSIONS 


1 The thermal resistances involved in heat transfer from a 
boundary to a turbulently moving fluid have been segregated. 
An expression which correlates existing heat-transfer data for 
flow through tubes is proposed for the system in which the fluid 
properties are not functions of temperature. 

2 The introduction of the concept of a variable y;*, the utiliza- 
tion of an average viscosity rather than the viscosity at an aver- 
age temperature, and the estimation of a nonisothermal friction 
factor make possible the prediction of unit thermal conductances 
to within +20 per cent for Reynolds’ numbers up to 100,000 and 
magnitudes of the Prandtl modulus between 0.5 and 325. 

3 An ideal system may be defined which will more accurately 
predict Nu/(Re Pr) but the algebraic evaluation will be tedious. 
Among other operations, the variation of Nu with length (due to 
the changes in properties and of temperature distribution and the 
variation of g/A with radius) should be considered. Additional 
accurate experimental heat-transfer data will aid the analyst. 

4 Finally, a more precise formulation of the laws governing 
the velocity distribution (18) will allow the definition of a more 
satisfactory ideal system for heat transfer. 


Appendix 
Nore 1 


Reynolds (5) conceived the flow at a point in a two-dimensional 
system to be composed of an average velocity wu upon which are 
superimposed fluctuating components wu’, v’. The unit shear due 
to the momentum transferred by these fluctuating components 
becomes 


tT =—pu'v 
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where the expression u’y’ represents the time average of the 
instantaneous fluctuations u’ andv’. Prandtl (6) assumed that 
the fluctuating velocities would be equal to the product of a 
“mixing” length 1 and the velocity gradient at the point. Thus 
the magnitude of the shear becomes 


du\? 
— 12 =a 
ali: (#) 


By analogy to the expression for shear in viscous flow 


and 


Similar reasoning in the case of the transfer of heat yields the 
rate of heat transfer per unit area in turbulent flow as 


where v’ and t’ are the fluctuating components of velocity and 
temperature, respectively. Then if 


t! 


i] 


the rate of heat transfer per unit area in turbulent flow becomes 


dt 


q/A = Cpye Py 


The identity of the eddy diffusivity « for heat transfer and mo- 
mentum transfer is known as Reynolds’ analogy. 


Note 2 


Prandtl actually postulated a constant shear across the pipe 


and a mixing length = xy. Thus 
th To du 
dpe ed bal ne 
(i ae fi dy 
and 
wee 
€ a 
TO dy? (#) 
ae nes 
p dy 
from which 


UuU= 


Exactly the same result is obtained if 


 S (1) 
To 
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T= cy V1 —y/r 


for then 
whence 


Notes 3 


The temperature at the edge of the laminar sublayer was esti- 
mated by computing the thermal resistance of the laminar sub- 
layer, buffer layer, and core. Then as a first approximation 


a 


Gye li 1B, 


Atmax 


™m 
Re,, 


| Pr + In (1 + 5Pr,,) + 0.5 In 60 


Knowing t, an estimate of y:* can be made. 
Then more precisely 


[ey tH v Pr; 

Atal J 30 \) 2.5 eae 
BPE in Ad Pry =e at Sip Pele 
| i ( Tea lat Tages "60 V8 

Note 4 


For predictions corresponding to the experimental data of Col- 
burn and Coghlan, and Eagle and Ferguson, the friction data of 
Stanton and Pannell for smooth pipe were used. 

For the J. F. D. Smith comparison, his own experimental 
magnitudes of f were used and for the Morris and Whitman 
comparison the following isothermal friction-factor curve (rough 
pipe) was utilized: 


8 
em Ta 
2000 12.0 
5000 13.7 
10000 14.9 
30000 16.6 
100000 18.3 
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Discussion 


R. H. Norris.’ The results achieved in this paper would be of 
greater practical value, if the authors could choose one or more 
relatively simple equations as practical approximations to their 
complicated correlation. Discrepancies up to 60 per cent are 
shown to be produced by the simple Equations [19] and [20], 
heretofore in common use. 

This paper is of course concerned with the relation between 
heat transfer and fluid friction, in terms of the parameter cu/k, 
only for conditions of turbulent flow. For viscous flow, however, 
there is also a relation between heat transfer and fluid friction, 
the existence of which may, heretofore, have been obscured by the 
derivation of the theoretical results for heat transfer independ- 
ently from those for friction, and the arbitrary choice of the arith- 
metic mean for the temperature difference. 

In the region of viscous flow, when the logarithmic mean is used 
for the temperature difference, the variable denoted as (Nu)/ 
(Re)(Pr) can be plotted versus Re, as shown in Fig. 3, of a re- 
cently published paper.? When the ratio of pipe length L to the 
diameter D becomes sufficiently great, the value of (Nu) /(Re)(Pr) 
becomes asymptotic to a straight line of slope —1, the same 
slope that the curve of friction factor has in the viscous region; 


: (Nu) 3.66 i 
er (Re)(Pr) —— (Re)(Pr) ree) kE) eset 
E sf a (Nu) __ 0.458(/8) 
and f = 64 (Re) so that (Ra(Pn (Pr) fon 


(cptmeanD?) / (kL) << 

For larger values of (cptmeanD?)/(kL), with laminar flow, the 
slope becomes flatter, but this can be considered as a thermal 
“entrance effect,’ resulting from the sudden change in surface 
temperature at the start of the heated section of the duct. The 
viscous-flow-friction-factor curve would likewise flatten if the 
pipe length were sufficiently decreased and the calming section 
omitted. 


8 General Engineering Laboratory, General Electric Company, 
Schenectady, N. Y. Jun. A.S.M.E. 

9 “T/aminar-Flow Heat-Transfer Coefficients for Ducts,” by R. H. 
Norris and D. D. Streid, Trans. A.S.M.E., vol. 62, August, 1940, pp. 
525-533. oa 
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It should be noted that f, as defined by the authors, is 4 times 
the value sometimes given in the definitions of f by other authors. 


E.S. Smiru.!° The writer wishes to ask the authors Just what 
they would expect to see happen in the throat of a venturi tube in 
which the flow is at a sufficiently high Reynolds number that tur- 
bulence would be high in a long straight pipe of the same diame- 
ter and with the same fluid moving at the same velocity? The 
eddies should be powerfully suppressed in the venturi throat and 
the shear would be high near the wall of the throat since the ve- 
locity distribution is so nearly uniform. This question is raised 
in a paper by W. S. Pardoe,!! in which his results can be explained 
by having the temperature of the water next to the wall under 
such conditions substantially equal to that of the ambient air. 
Now this does not seem to the writer to be reasonable, although 
he does not profess to be an expert on heat transfer. It would 
seem that there should be some gradient or drop of temperature 
from the air to the wall, assuming that the air temperature is 
higher. 


Tu. von KArMAn.!2 This paper is a valuable contribution to 
the solution of the problem of heat transfer. The authors give an 
excellent presentation of the similarity between heat and momen- 
tum transfer following the lines indicated in the writer’s paper?® 
on the same subject. The new expression “buffer layer’’ for the 
transition layer between perfectly laminar and perfectly turbu- 
lent regions, introduced by the writer in order to explain the dis- 
crepancies between experiments and the theories of Prandtl and 
G. I. Taylor, is quite appropriate. The investigation is definitely 
carried further beyond the results given in the former paper! by 
a more detailed analysis of the turbulent region and especially by 
consideration of the temperature changes in the cross section of 
the pipe. It is gratifying that, by a more exact analysis, the 
agreement between theory and experiments appears even closer 
than the writer has found. 


AutHors’ CLOSURE 


For low magnitudes of the Prandtl modulus, the empirical 
expressions, Equations [19] and [20], or their equivalent, such 
as Colburn’s j function (19),'4 approximate the analytical rela- 
tion with some accuracy. Fig. 11 of this closure illustrates the 
analytical equation plotted in terms of Colburn’s j function and 
Fig. 12 reveals a comparison of Colburn’s empirical equation, 
Reynolds’, Prandtl’s, and von K4érm4n’s analogies, and Equation 
[11] of this paper. Below magnitudes of Prandtl’s modulus equal 
to 10 the average slope of the analytical curve is approximately 
—*/;. However, at high magnitudes of Pr the slope of the analyti- 
cal curve becomes —1, which indicates that, for low rates of heat 
transfer (isothermal) and high magnitudes of Prandtl’s modulus, 
Nusselt’s modulus will be independent of Prandtl’s modulus. 
Thus, the exponent of the Prandtl modulus in any empirical 
equations, such as Equation [19] or [20], should be a function of 
Pr and the rate of heat transfer. It appears to be fortuitous that 
a constant exponent yields a satisfactory correlation. 

Several other modes of empirical correlation, using viscosities 
at temperatures other than the mixed mean temperature have 


10 C, J. Tagliabue Mfg. Co., Brooklyn, N. Y. Mem. A.S.M.E. 
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Meters,’ by W. S. Pardoe, Trans. A.S.M.E., vol. 63, 1941, Figs. 5 
and 10, p. 458. 

12 Director, Daniel Guggenheim Aeronautical Laboratory, Cali- 
fornia Institute of Technology, Pasadena, Calif. Mem. A.8.M.E. 

13 “The Analogy Between Fluid Friction and Heat Transfer,’ by 
Th. von K4rm4n, Trans. A.S.M.E., vol. 61, 1939, pp. 705-710. 

14 Numbers (19) to (23) refer to Bibliography at the end of this 
closure; all other numbers in parentheses refer to the Bibliography at 
the end of the paper. 
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(The friction factor over eight (f/8) is also presented as a function of 
Reynolds’ modulus.) 


10 == 
[ —covsurN 
—~VON KARMAN 
RE=10,000 
7} EQUATION 1! 
/ RE=10,000 
— 1.0 - 
ae | Creanor / 
2\0 | RE=10,000 ~ REYNOLDS 
ac 
° 
x COLBURN 
| (sLoPE=-4) 
0.10 | 
Wh 
if 
PRANDTL—~ 
0.010 =| =} 
VON KARMAN 
AND EQUATION 11 
0.0010 1 
Ol 10 10 100 1000 


PRANOTL MODULUS 


Fig. 12 Comparison oF REYNOLDS’, PRANDTL’S, COLBURN’S, AND 

von KArmMAn’s Equations ror VARIOUS MAGNITUDES OF PRANDTL’S 

Mopuuus From 0.1 To 1000 ror Reynoups’ MopuLus = 10,000 
(The magnitudes as computed from Equation [11] are also presented.) 


been proposed (14, 17). Fair success in bringing experimental 
data together was attained by these methods so that Fig. 10 of 
the paper may leave the impression of overestimating the in- 
accuracy of empirical correlations. However, the same funda- 
mental limitations apply to these later correlations as to those 
presented in the paper. Equations [19] and [20], or similar 
forms, are in current use in industrial design. 

An important phenomenon which will cause scattering of data, 
particularly at low values of Prandtl’s modulus, is the entrance 
effect mentioned in the body of the paper. . 

A uniform temperature distribution exists at the entrance to 
a heating section, which will change to a distribution such as is 
shown in Fig. 3 of the paper if the heating section is of sufficient 
length. If, however, the test section is short, it is possible that 
the equilibrium-temperature distribution will not be reached. 
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Application of Equation [11] to entrance sections will yield 
magnitudes of Nusselt’s modulus which are too low (for instance, 
Atmean 
Atmax 
because it applies only where the velocity and temperature dis- 
tributions have been established and steady-state conditions ob- 
tain. Due to the transition conditions existing in the thermal 
quieting sections, the magnitudes of Nusselt’s modulus have been 
found to exceed those which obtain after the temperature dis- 
tribution has been established (20). 

If the linear variation in unit shear in the buffer layer is utilized, 
rather than the constant wall-unit shear, the predicted magni- 
tudes of Nu/Re Pr for low magnitudes of Reynolds’ and Prandtl’s 
moduli fall below those shown in Fig. 5 of the paper, and approach 
closely the experimental points of Colburn and Coghlan (21). 

Referring to E. S. Smith’s comments, regarding noniso- 
thermal flow in venturi meters, a difference in temperature be- 
tween the ambient air and the fluid within the pipe will cause 
heat transfer to (or from) the fluid. Heat transfer will occur 
throughout the entrance length as well as in the venturi proper. 
This temperature difference will cause free convection in the en- 
trance length, and will also change the viscosity of the fluid in the 
laminar sublayer in contrast to the magnitude corresponding to 
the mixed mean fluid temperature. These phenomena may in- 
fluence the discharge coefficient of the venturi and account for the 
fact that the nonisothermal discharge-coefficient-Reynolds-num- 
ber curve crosses the isothermal curve. 

Dr. Theo. von Kérmdén’s comments are indeed gratifying. 
Each correction as it is applied yields a prediction which more 
nearly approaches the best experimental results. The segrega- 
tion of the resistances, due to each of the three fluid layers, has 
aided the authors in making further refinements to the isother- 
mal-heat-transfer theory. The attendant success served as a 
stimulus toward the analysis presented (yet incomplete) for non- 
isothermal flow. 


= 1 for uniform temperature distribution at entrance) 


GENERAL COMMENTS 


Four excellent articles (22, 23, 24, 25) on this subject have come 
recently to the attention of the authors. Mattioli (23) also 
utilizes yt as a point function. He considers the transfer of 
vorticity and momentum simultaneously. 

The similarity of Nu/Re Pr = f,/G@c,, where G is the unit 
mass-flow rate, to the number of transfer units (N.T.U.) de- 
serves attention in view of the move to assign a name to the 
former. In the tube-to-fluid exchanger, the N.T.U. = (Nu/ 
Re Pr)S/A, where S is the tube area through which heat flows 
and A is the cross-sectional area of the pipe. 
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Effect of Ambient Temperatures on the 
Coefficients of Venturi Meters 


By W. S. PARDOE,! PHILADELPHIA, PA. 


RIOR to 1930, the writer attempted to plot the coefficients 

of a large number of venturi tubes against Reynolds’ num- 

ber and found the results rather unsatisfactory. This 

would, of course, be easily explained on the basis of proportional 

roughness and, as there seemed to be no definition of this func- 
tion, the results were considered most unsatisfactory. 

During that period, on three occasions venturi tubes were sent 

to the University of Pennsylvania laboratory for calibration. 


cf 


a 


Each time the makers proceeded to construct a meter to fit the 
laboratory calibration. About 2 months later, when the combi- 
nation of meter and venturi tube was tested in the laboratory with 
different temperature water, the coefficient was satisfactory on 
the flat part of the curve and at some point lower, about 3 fps 
throat velocity, but in between the coefficients varied as much as 
0.5 per cent. This, of course, was all very confusing, as it was 
contradictory to any plot against Reynolds’ number. 

In 1931, the Simplex Valve and Meter Company presented the 
laboratory with an 8 X 33/s-in. bronze venturi meter. The 
results of tests on this meter for 46, 68, 69, and 74 F water are 
shown in Figs. 1 and 2. These are quite similar to other curves 
on venturi meters. It will be noticed that on the flat part of the 
curve the coefficient is 0.99 and at 3 fps throat velocity the 
coefficient is 0.969. Curves such as that for 46 F became known 


Fig. 2 


Fies. 1 anp 2. Txst or 8.06-In. By 3.3759-IN. Bronze VENTURI 
Meter AT VARIOUS TEMPERATURES 
(Courtesy of Simplex Valve and Meter Company.) 


1 Professor, Department of Civil Engineering, University of 


Pennsylvania. 
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as cold-water curves and those for 74 F as hot-water curves. 

In Fig. 3, are plotted the curves for 46, 63, and 74 F against 
throat velocity with the scales exaggerated. It will be noted 
) that all these curves pass through 0.969 at 3 fps. These curves 
' plotted against Reynolds’ number are shown in Fig. 4, and do 
not make a very good showing. 

On a number of occasions the author has shown these curves 
to the Committee and to hydraulic groups of the A.S.C.E., 
| A.S.M.E., and §.P.E.E. The only response ever received has 
‘been to question the experimental work rather than to explain 
the facts. To be in error in the experimental work would mean 
that the author could not measure 0.15 per ft accurately, which he 
certainly can. 

On a number of occasions, these curves have been placed in 
the hands of visitors to our laboratory and others who are in- 
terested in such matters. Finally a set was given to Dean Goff 
of this institution, who, after some time, suggested the possi- 
bility of heat transfer entering the problem, that is, with cold 
water being measured and the room temperature at 70 F or there- 
abouts. The boundary layer at the throat was raised slightly in 
temperature, thus decreasing the value of », decreasing the 
boundary shear 79, and increasing the discharge for low tempera- 
tures. 

In order to check this, a wooden box was built around the ven- 
turi meter as shown in Fig. 5 and runs were made with a water 
temperature of 42 F, giving the results shown. The box was 
drained and the curve immediately rose 0.7 per cent at 3 fps, 
as indicated. Tests were also conducted with the same arrange- 
ment at 53, 56.5, and 61.5 F, as shown in Figs. 6, 7, and 8, respec- 
tively. 

In Fig. 9, the foregoing tests are plotted against Reynolds’ 
number making quite a creditable showing. The variation of 0.2 
per cent must be blamed on the experimenter. To check the 
effect of installation, tests were made as indicated in Fig. 10. 
The variations are not extreme. 

From the foregoing it would appear that there is a distinct 
effect of ambient conditions on the coefficient of venturi meters. 
Unless they are thoroughly lagged during the test and in the 
permanent installation, they cannot give accurate results under 
all circumstances. 


Discussion 


R. W. Aneus.2 Although this paper is brief, it is a distinct 
contribution to the subject and gives an explanation of what 
appeared to be an inconsistency in the meter experiments. 
Evidently the rate of heat transfer through the walls of the 
meter tube is sufficient to produce erratic coefficients at low 
throat velocities, while it does not affect those at high throat 
velocities, presumably because of the time element. 

One of the practical applications of the results is that, in the 
author’s meter, the coefficients for different temperatures and 
for a throat velocity of 10 fps differ by 0.5 per cent. There is 
about the same difference at 2 fps, in both cases for the meter 
tested unjacketed; the differences are less than this at inter- 
mediate velocities. Inasmuch as it is impossible, in most cases, 
to jacket meters in service, these errors would seem to be inherent 
in the use of this instrument but they are likely to be smaller in 
meters which are larger than the one covered by the author’s 
work. As an effort would be made, wherever possible, to select a 
meter working with throat velocities corresponding to the flat 
part of the curve, the error may not be serious in practice, but 
yet it is there, giving a sense of uncertainty as to the meter indi- 


2 Professor of Mechanical Engineering, University of Toronto, 
Toronto, Canada. Honorary Member A.S.M.E. 
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cation. Meters are in common use on waterworks plants where 
the highest degree of accuracy is usually only necessary when 
they are being used to measure pump efficiency, in which case 
the rated pump discharge generally corresponds with the higher 
throat velocities, the coefficient being constant. 

The writer has compared the coefficients in this paper with 
those given in the Fluid Meters Report. The latter shows? that, 
for the size meter mentioned in the paper, and with water at 68 F, 
the coefficient has a constant value at over 7 fps throat velocity, 
while Fig. 2 of the paper shows that, for the meter used with 
water at 69 F, the coefficient reaches its constant value at about 
20fps. Both of these figures and curves apply to Simplex meters, 
although one is for an iron tube with bronze throat while the 
other is for a bronze tube. 

The writer has great confidence in the accuracy of the author’s 
work but believes that the high degree of precision he has achieved 
may cause his results to be misinterpreted. The report’ men- 
tioned bears every evidence of great care in its preparation and 
must be looked upon as an excellent piece of work. In that report 
two sets of curves® are given which show many sizes of venturi 
tubes having a diameter ratio of 0.5. From these curves the 
coefficients may easily be read to 0.1 per cent. Equation [261]§ 
enables the coefficient to be calculated for any other diameter 
ratio with the same degree of accuracy; in fact, in the examples 
given, the coefficients are worked out to 0.01 per cent. The 
data for these are for the most part based on the experiments of 
the author. Their accuracy is unquestioned. 

The experimental work extended only to tubes for pipes not 
over 12 in. diam and for a more or less ideal setup of the tubes. 
However, but slight guidance is given as to what is meant by 
the proper setup and how it may conveniently be determined 
whether or not the coefficients will apply to a tube being used 
in a practical case. 

During the summer of 1939, the writer was retained by the 
City of Toronto, Canada, to conduct tests on eleven new pump- 
ing units installed in one of the city pumping stations, and pre- 
sented the results of these tests in a recent paper.’ The guaran- 
tees for efficiency were unusually high and the penalties for 
nonfulfillment of the contract were extremely stringent, par- 
ticularly on some of the units, so that the writer was obliged to 
use every possible precaution to secure accuracy. 

Discharges were measured with venturi tubes, and the pipes 
leading the water thereto were as well laid out as possible, the 
bends being of long radius; in most cases there was a long straight 
pipe upstream from the tube. In the meter used on one of the 
pumps, the discharges, computed from the Fluid Meters Report 
coefficient of 0.9876, were known to be too high. A careful volu- 
metric calibration of the tube was subsequently made, which 
gave an actual coefficient of 0.9545. There were slight bends 
upstream from the tube but, ordinarily, these could not have ac- 
counted for this great difference. Since the tube had been ex- 
amined and calipered before erection and again after it had been 
in use for a time, there appeared to be no other cause for this 
difference in coefficients than a probable error in the one given 
by the Fluid Meters Committee, or else a disturbance from the 
pump. 

After discovering this discrepancy, the writer discussed the 
matter with a number of engineers and found that there were 


3“Theory and Application of Fluid Meters,” A.S.M.E. Report 
of Fluid Meters Committee, Fourth edition, 1937. 

4 Tbid., Fig. 64, p. 101. 

5 Ibid., chapter ‘‘Discharge Coefficients for Venturi Tubes,” Figs. 
63 and 64, pp. 100 and 101, respectively. 

€ Tbid., p. 99. 

7 “An Improved Technique for Centrifugal-Pump-Efficiency Meas- 
urements,” by R. W. Angus, Trans. A.S.M.E., vol. 63, January, 1941, 
pp. 13-19. 
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many cases in which the coefficients differed from those recom- 
mended by the committee. The writer, therefore, expresses the 
hope that the Fluid Meters Committee will give this matter fur- 
ther serious consideration, and present to the Society all avail- 
able evidence in support of its findings, particularly in the case of 
large meters. Its report should be supplemented by instruc- 
tions which will assist those using the meters in determining 
whether the coefficients are likely to apply. While such a device 
as a straightening vane is usually helpful there is no desire to 
undergo the expense of installing the device unless it is necessary. 
Further, the examination of conditions above the meter tube is 
frequently extremely difficult and will not be undertaken unless 
there is some definite reason to do so. 

In the present state of the art no one knows whether a given 
setup corresponds to the Fluid Meters Committee’s coefficients 
or not and, further, the report seems to be of theoretical rather 
than practical value because it does not suggest that actual co- 
efficients are known to deviate from those given, nor does it at- 
tempt to quote these coefficients. The tolerance of 0.75 per 
cent® in the coefficient for cast-iron tubes, as given in the report, 
seems scarcely consistent with the accuracy with which the 
coefficient is worked out in the examples appearing elsewhere? in 
the report. 


M. M. Borpen.!° Before such information can be used for 
the closer control of venturi coefficients and to limit their toler- 
ances, the matter will require further investigation involving 
venturi sizes, ratios, effect of roughness, and through a greater 
range of temperature difference. 

The effect of enlarging the area of the throat, because of 
higher temperatures of a fluid in it, should cause the coefficient 
to increase. Hence, the full effect of a difference of temperature 
within and without the tested tubes may be slightly different 
than indicated. 

A plot of the upper and lower coefficients to throat-velocity 
values for the venturi boxed and unboxed shows a generally 
narrower zone for the boxed unit. The area, included between 
such upper and lower limits, is about 10 per cent less for the 
boxed venturi for regions of 1 to 2 fps and 25 fps throat velocity. 

The author’s findings suggest the use of completely insulated 
cold-water venturis by enclosing them in suitable coverings, as 
is partially done with the covered venturis measuring hot fluids. 


E. 8S. Smrrx.!! As one who is now a disinterested observer 
but formerly an active member of the Fluid Meters Committee, 
the writer can join a discussion of fluid metering only infrequently 
and has included in this discussion material which might otherwise 
be added to the discussion of a current paper’? on the subject of 
nozzles. The present discussion gives something of the back- 
ground of the paper and some material which is only indirectly re- 
lated to the former bone of contention, i.e., the acceptance of the 
method of similarity in fluid metering. 

Over an extended period, the subcommittee on “similarity,”’ 
consisted of Messrs. Pardoe, Spitzglass, and the writer, with 
Messrs. Pigott and Buckingham (deceased) lending moral sup- 
port on occasion. Messrs. Spitzglass and Pardoe long and 
spiritedly opposed the acceptance of the Reynolds number as a 
basis for the correlation of fluid-meter coefficients on the grounds 


8 Reference (3), p. 128. 

* Ibid., p. 104. 

10 Chief Engineer, Simplex Valve & Meter Company, Philadelphia, 
Pa. Mem. A.S.M.E. 

4 Hydraulic Engineer, C. J. Tagliabue Manufacturing Company, 
Brooklyn, N. Y. Mem. A.S.M.E. 

42 “Discharge Coefficients of Long-Radius Flow Nozzles When 
Used With Pipe Wall Pressure Taps,” by H. 8. Bean, S. R. Beitler, 
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of unstated limitations of the method of similarity and dimen- 
sional homogeneity. However, before his death, Mr. Spitzglass 
succeeded in making it clear that his acceptance of such correla- 
tion required that account be taken of the roughness of the line 
and/or meter, relative to its diameter, a phenomenon which is 
sometimes known as the “scale effect.”” In his present paper 
the author has likewise succeeded in making it clear that his ac- 
ceptance awaited only an accounting for an additional factor, 
i.e., the effect of a different temperature of wall and fluid for water, 
under the conditions of his tests with water. 

Since the acceptance of a useful engineering method is too 
often delayed by blind advocacy equally with opposition, there 
is a natural question as to the writer’s position. He admittedly 
made several elementary and simplified statements in an effort 
to picture clearly the concepts of similarity involved. Some of 
these statements taken alone might give the impression that the 
writer was blind to any points such as were stressed by the op- 
ponents of the acceptance of this method. 

Consequently, it is necessary to point out that a paper, !3 
by the writer in 1923, covered the scale effect! in Fig. 2 (which is 
based on some of the author’s values) and elsewhere in the 
text,’® while the closure!* noted that errors result from a differ- 
ence of the temperature of the fluid from that of the walls of the 
pipe or meter. 

In spite of this broad hint, the author’s delay in finding the 
cause of the errors which his tests included is understandable, 
since the writer for one did not suspect that this was the cause of 
inconsistencies in tests which were of the order of errors common 
in hydraulic testing, possibly including the tests which are noted 
in the second paragraph of the paper. At one time, the writer 
checked and found correct everything but the atmosphere in the 
author’s laboratory. He is to be congratulated both for his 
persistence and the excellence of his tests and to be forgiven 
for his delay. If he had worked much with fluids other than 
water, he would certainly have earlier embraced the use of the 
Reynolds number as the only rational basis for their metering in 
practice and might have missed finding the cause of the slight 
error which he now stresses. 

His location of this error is a credit to the accuracy of his tests 
rather than an indication that such error amounts to much. 
Taking a velocity of 2 fps and the water and air temperatures, 
respectively, at 50 and 70 F, this error could be caused by a differ- 
ence of level of only 0.6 ft of water at the stated temperatures in 
the vertical connecting pipes. Such differences often occur upon 
a change of rate with usual venturi recording and integrating 
instruments, with their large wells or bells, which cause a move- 
ment of liquid in the pressure pipes which is much larger than the 
metering head. In controlling flow, transient effects are im- 
portant and such errors may be of consequence. This less than 
1 per cent error would amount to less than 0.002 in. on a chart or 
integrator in which 0.1 in. corresponds with 1 fps throat velocity, 
a fact which incidentally shows the importance of precise setting 
at the lowest operating rate. 

If the “box-drained”’ values of Figs. 5 and 10 of the paper be 
multiplied by the ratios of water viscosities at the water and air 
temperatures, the corrected values fall close to the “box-over- 
flowing”’ values and constitute a rough check of the Goff theory. 
Of course at the higher rates, the effect of heat transfer disappears. 
Possibly a current paper! on heat transfer may be useful if the 


18 “The Oil Venturi Meter,” by E. S. Smith, Jr., Trans. A.S.M.E., 
vol. 45, 1923, pp. 67-75. 

14 Tid: Big. pe 7: 

16 Tbid., par. 17, p. 71. 

16 Thid., first par. of closure, D; fos 
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generally noneddying character of the flow in the throat be 
considered. In other words, the stated comparisons in Figs. 5 
and 10 indicate that the temperatures of both the water and the 
wall of the “‘box-drained” tube are that of the ambient air—an 
indication that is contrary to the accepted heat-transfer teaching 
that the wall temperature of a conduit containing running water 
will approximate that of the water instead of that of the air. 
An explanation is accordingly requested. 

Due to the fact that the heat-transfer coefficients for tur- 
bulently flowing water and still air are of different orders, changes 
of wall temperature from that of the stream are ordinarily in- 
significant except at low velocities. It should not be difficult 
for the author to obtain a few temperature and pitot traverses 
and settle this matter in his closure, instead of relying on specu- 
lation which is supported by over-all calibrations only, of which 


. there are many. 


Errors are to be expected with uninsulated hot-water meters, 
supercooled liquid-ammonia meters, and gas meters which are 
heated to prevent the formation of deposits at the throat. A 
rise of gas temperature should lead to a negative instead of a 


’ positive error, since the viscosity of a gas increases with tempera- 


ture while that of water then falls. 

It cannot be assumed that orifice meters would be free from 
the Goff error, although such error should be in the opposite 
direction from that of the venturi. Nozzles contained in the pipe 
and entirely surrounded by fluid should be practically immune to 
this error except for large diameter ratios which, like orifices, are 
sensitive to the upstream velocity distribution. For highly ac- 
curate venturi measurements, it is possible to use the heated type 
of gas venturi with the circulation in the heating chamber pro- 
vided by the differences of pressure existing in the downstream 
cone. 

No effect is to be expected on the flat portion of the coef- 
ficient curve for any differential producer. This general prin- 
ciple was brought out by Swift in his papers,'® which deal with 
other factors affecting the correlation of flowmeter coefficients 
with the Reynolds number. 

Since a high value of venturi coefficient exists on the flat por- 
tion of the curve and starts to fall off at a relatively high value 
of the throat velocity at usual temperatures and, hence, of the 
Reynolds number, such a venturi is relatively sensitive to this 
error. By roughening the approach curve, as was originally 
suggested to the writer by Herbert N. Eaton, chief of the Na- 
tional Hydraulic Laboratory, and shortening its radius, the flat 
portion of the curve can be extended to much lower values of Reyn- 
olds’ number. Hodgson! early reduced the length of the throat 
cylinder and placed the throat taps at the end of the curved por- 
tion of the approach curve to lengthen the flat portion of the 
coefficient curve. The shortening of the radius of the approach 
curve was used, e.g., in the German standard nozzles to lengthen 
the flat part of this curve, although such design also includes a 
lengthening of the nozzle throat to cause filling of the throat by 
the re-expansion of the contraction which follows the shorter ap- 
proach radius. 

The writer has tried a number of different combinations of 
approach-curve radius, length of throat, and roughness, and has 
obtained a worth-while extension of the flat part of the curve for 
nozzles. Some of these nozzles were tested by the author and 
accepted with a 0.25 per cent accuracy guarantee, including their 
indicating, recording, and integrating instruments on a portion 

18 “Orifice Flow as Affected by Viscosity and Capillary,” by H. W. 
Swift, Philosophical Magazine, series 7, vol. 2, 1926, pp. 852-875; 
“Operational Factors in Orifice Flow,” vol. 5, 1928, pp. 1-17; “The 
Calibration of an Orifice,’’ vol. 8, 1929, pp. 409-435. 

19 “The Measurement of the Flow of Gases and Liquids by Means 


of Orifices, Nozzles, and Venturi Tubes,” by J. L. Hodgson, World 
Engineering Congress, vol. 4, part 2, Tokio, 1929, p. 113, Fig. 10. 
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of the flat part of the coefficient curve. This allowed 0.1 per cent 
full scale for the author’s calibration and installation effects and 
0.15 per cent for the instrument from maximum to less than one 
half of the maximum (which corresponds to within 0.07 per cent 
of full scale). This accuracy was attained with stock instru- 
ments which were special mainly as to the spacing of the dial and 
chart graduations, working clearances and tolerances, and the 
setting at the lowest operating rate. The performance of such 
instruments is fairly comparable with the 0.1 per cent of full scale 
reading reported with a recently developed, highly special in- 
strument used in steam-turbine traverses. These instruments?° 
also involved a cam and roller and an integrator wheel-on-a-disk. 

Since each diameter-ratio of nozzle has a different “shape” 
and it seems necessary for the best shapes to be available to all, 
it is desirable for the A.S.M.E. Fluid Meters Committee to 
sponsor the necessary tests rather than that the best design be- 
come the property of any manufacturer. For nozzles, the de- 
sign would be essentially the same as for the venturi although 
the approach may possibly be cut off short of the throat cylinder, 
as suggested by Witte, so that a slightly conical throat may re- 
place the cylindrical throat of the venturi. 

The writer referred his recommendations to the committee, 
several years before resigning from active work thereon, as a start- 
ing point toward such a design and then urged such action. 
The author’s paper revives the importance of a design which is 
free from even small errors due to the Goff effect. However, a 
design which is best for cold water under positive pressure may 
have a much shorter life than the long-radius venturi or nozzle 
where cavitation exists. 


AvuTHoR’s CLOSURE 


The writer agrees with Professor Angus that the effect of am- 
bient temperature will vary with the size of the venturi meter. 
It will also vary with the design, paint, roughness, and insulation, 
if any. 

The 8 X 3%/s-in. bronze venturi meter (coefficient 0.99), 
used in these experiments, although it is of the same proportions, 
is much smoother than the fifty-seven cast-iron venturi meters 
used as a basis for the A.S.M.E. curves, from which a value of 
0.983 would be obtained. Coefficients of rough venturi meters 
become flat at much lower throat velocities. Coefficients of 
venturi meters should not contain more than three significant 
figures, although Prof. Angus uses four. 

Some idea of the “proper setup”’ may be obtained by reference 
to a previous paper”! by the author. 

The venturi meter at Toronto, which gave a coefficient of 
0.9545 instead of 0.9876 or 3.3 per cent low, was one of eleven 
meters. All the others gave satisfactory results, using the 
AS.M.E. coefficient values (in which the author is not disin- 
terested). Prof. Angus examined and calipered the meter and 
found the pressure taps in good condition. Under these circum- 
stances, the only thing which could lower the coefficient 3.3 per 
cent would be a vortex started in the centrifugal pump. That this 
could produce the result is evident from Fig. 44 of the author’s 
previous paper. The author has found it advantageous in all 
cases where a vortex may form to use cross straightening vanes 4 
diam in length ahead of the venturi meter. Until this is done or 
an exploration made ahead of the Toronto meter, this matter 
cannot be considered settled. The author cannot believe a 42 


2 ‘Automatic Integrating Pressure-Traverse Recorder for Study 
of Flow Phenomena in Steam-Turbine Nozzles and Buckets,” by 
H. Kraft and T. M. Berry, Trans. A.S.M.E., vol. 62, Aug., 1940, pp. 
479-488. 

21 “The Effect of Installation on the Coefficients of Venturi Me- 
ters,” by W. S. Pardoe, Trans. A.S.M.E., vol. 58, 1936, pp. 677-684. 

22 Reference (21), p. 683. 
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x 27-in. venturi meter, correctly constructed and without 
vortex flow, could possibly give such a low coefficient. 

Mr. Borden suggests a great deal of additional experimental 
work. The author does not propose to do any beyond establish- 
ing the fact of an effect of ambient on the coefficients of flow 
meters generally. 

Mr. Smith has quite misinterpreted the paper and has for- 
gotten our “bone of contention,” i.e., that Reynolds’ number is 
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not a satisfactory criterion for plotting the coefficients of venturi 
meters as usually constructed and installed, it cannot be used 
on the curved part of the coefficient curve, and has no meaning 
on the flat part. The errors inside the metering range of manu- 
facturers’ meters have already been mentioned and are con- 
siderable. The author now includes flow nozzles and pipe 
orifices as being similarly affected, as indicated by the curves in 
Figs. 11 and 12 of this closure. Mr. Smith will have to revise his 
ideas with respect to the orifice and also his very ‘‘rough”’ check of 
the Goff theory. He suggests that “it should not be difficult to 
get a few temperature and pitot-tube traverses.’”” The author 
must disagree and believes this almost impossible as we are deal- 
ing not with the laminar boundary layer but with the sublaminar 
boundary layer, at very low velocities. If Mr. Smith has in mind 
a pitot tube to measure the wall velocity (if any), there are many 
individuals who will be veryamuch interested in learning of it. 
For a number of years, the author kept up a correspondence 
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with Dr. Edgar Buckingham, sending him the original curves as 
obtained. He expressed the belief that ‘‘we were leaving out some 
factor,’’ but at no time suggested heat transfer, nor did any other 
member of the Committee, although all of them were kept con- 
tinually aware of the unsatisfactory results obtained with water. 
The effect is too complicated to evaluate from any reasonable 
number of experiments depending upon, as it does, the specific 
heats of the fluids, the design, the roughness, the materials of 
construction, the paint, the insulation, and probably other 
things. In other words, life is too short for this busy “hexagena- 
rian” even to start. 

During the discussion of the paper, Messrs. Sprenkle, Beitler, 
and Bean suggested that the flow nozzle was not affected by am- 
bient temperature. Herewith is shown test results of an A.S.M.E. 
flow nozzle 8:300:1, Fig. 11, indicating that they are not immune. 
Fig. 12, for an 8.071 X 3.875-in. orifice also shows that it is 
affected in quite a similar manner, and not the reverse as sug- 
gested. 

The coefficient of a flowmeter may be expressed 


a 
a, — a Bt + k 


C= 
in which 
Si d/ dy 
k = coefficient of loss in hf = k ee 
g 
a = ratio between actual kinetic energy per pound and ki- 


netic energy per pound or V2/2g 
1.00 


Ce, 


If the main velocity traverse given by the seventh-root law for 


smooth pipe 
fn 
V= Vinax . 
To 


1 ish 
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Pipe factor = 0.817 
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Take an 8.071 X 3.0012-in. flow nozzle at 2 fps throat velocity 


Cz = 0.9662 box drained 
Cy = 0.9606 box overflowing 
6 = 0.37184 64 = 0.019118 
1 — 0.019118 
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and 


k 0.0715 
ig = wo ~~ = 0.0000316 


——— = ().0000269 
) ko 0.0840 


The corresponding temperature is 51 F, i.e., the inside wall of 
the flow nozzle would have to be 10 F above the water tempera- 
ture. As the velocity at the wall is zero, this must be the water 

_ temperature at the wall. It does not seem that this is impossible 
\ with a temperature gradient of 67.5 — 41 or 26.5 F. 

Similar computations for other velocities are given in Table 1. 

That is, the difference in temperature between the water and 
the inside wall is inversely as the velocity, which seems quite 
reasonable. 

The author desires to thank those who participated in either the 
written or oral discussion. Many valuable suggestions were made 


; 


— 


TABLE 1 
Throat velocity, Wall temperature, Wall temperature 
fps FE —41 F 
1 52 11 
2 51 10 
3 50 9 
4 49.1 (3.1! 
5 48.1 Tak: 
6 47 6 
8 44.8 3.8 
10 42.7 WW 7/ 


as to how to proceed, and a tremendous amount of additional ex- 
perimental work was outlined for the author, which he regrets 
he will be unable to do. He is not particularly concerned with the 
physicist’s explanation of the fact, but is tremendously con- 
cerned with the fact and how to get around it. 
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Significance of Coal-Ash Fusing Temperature 
in the Light of Recent Furnace Studies 


By E. G. BAILEY,! NEW YORK, N. Y., anp F. G. ELY,2 NEW YORK, N. Y. 


This paper reviews recent data relating to the fusing 
temperature of coal ash as well as of ash and slag from 
pulverized-coal-fired furnaces of both slag-tap and dry- 
ash-removal types. The highly oxidizing conditions in 
parts of both types of furnaces and the effect upon the 
slag-and-ash formation cause questions to be raised re- 
garding the greatest usefulness of the present A.S.T.M. 
standard fusing-temperature method on a reducing at- 
mosphere alone. Previous work of the Bureau of Mines 
is confirmed in showing that the form of the iron, whether 


) ferrous or ferric, is of increasing importance with increased 


The paper also gives data showing the ap- 
preciably higher percentage of iron in the furnace ash and 
slag over the iron content in the coal ash burned. This 


iron content. 


_ increase applies to both dry-ash and slag-tap types of fur- 


naces, 
tory. 


More research is needed in both plant and labora- 


HE extended use of coal-ash fusing temperature in connec- 

tion with the classification, evaluation, and purchase of 

coal, since Dr. Fieldner and his associates (1)? published 
the complete results of their extensive studies on the subject, 
speaks well for the thoroughness with which that work was done. 
From time to time, a few questions of doubt have been raised 
regarding the accuracy with which it represents the relative per- 
formance of different coals in different furnaces and stokers, but 
it has withstood the test of 22 years of most extended and of in- 
creasingly trustworthy use. 

The data presented in this paper do not detract in the slightest 
degree from the work done by Dr. Fieldner, but rather emphasize 
the increasing usefulness of some parts of his work which have 
been overlooked, or have lain dormant until changed methods of 
burning coal have brought about a realization of the limitations 
of the abbreviated data which are so often the only determinations 
now made and available on a given coal. Many analyses give 
only the softening temperature. For stoker and fuel-bed com- 

\ bustion, there is general agreement that the softening tempera- 
‘ture in a reducing atmosphere, as prescribed by the A.S.T.M. 
method, is most useful and the initial deformation and fluid point 
are of little importance in so far as the clinker formation is con- 
cerned. 

With the advent of pulverized-coal-fired furnaces of the slag- 
tap type, there was renewed interest in the fluid temperature of 
the ash and much work has been done by Sherman, Nicholls, 
Taylor, and Reid under the direction of the Bureau of Mines (2). 
A portion of it was carried out in association with an A.S.M.E. 
Research Committee on the removal of ash asmolten slag. Much 


1 Vice-President, The Babcock & Wilcox Company; President, 
Bailey Meter Company. Mem. A.S.M.E. 

2 Analytical Engineer, The Babcock & Wilcox Company. 

3 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 

Contributed by the Fuels Division and presented at the Annual 
Meeting, New York, N. Y., December 2-6, 1940, of Tom AmmrRIcAN 
Sooty of MrecHanicaL ENGINEERS. 

Nors: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


data were collected from furnaces, primarily from slag as tapped 
and with some from fly ash. A thorough study was also made of 
fluxes; the latest work being concentrated on the viscosity of the 
molten ash from several different coals. 

Both Fieldner and Nicholls recognized the importance of the 
form in which iron existed in ash, as affecting its fusing tempera- 
ture, and the influence of the atmosphere in the laboratory fur- 
nace upon the results. The A.S.T.M. method is based upon a 
reducing atmosphere, hence, resulting in the iron being largely 
in the ferrous (FeO) form in the cone as tested. Nicholls studied 
slag samples and ran fusing-temperature determinations in a 
neutral atmosphere of nitrogen in an effort to learn what was the 
fusing-temperature range of the slag as it existed in the furnace. 
Much of these previous data will be reviewed in further detail by 
plotting them for comparison with later work given in this paper. 

The great importance of iron in the ash and slag has become 
more fully realized as a result of continued field and laboratory work 
relating to the rate of heat absorption in furnaces and boilers, 
as shown in two papers by one of the authors (3). It is believed 
that a brief survey of this work and a comparison of it with the 
previous knowledge will be helpful in planning further work by 
others and coordinating it all through the proper agencies toward 
a reconsideration of the methods of fusing-temperature determi- 
nation and their use in comparing coal of different kinds and the 
results from its combustion. 


Siac CHARACTERISTICS 


Data relating to the characteristics of slag from different parts 
of a two-stage slag-tap furnace are shown in Fig. 1. The coal 
fired has 13.6 per cent iron (as Fe) in the ash. The ash as usually 
analyzed would show this as 19.4 per cent Fe.O; but, since it 
may exist in slag in the forms of FeO and Fe2O,, it has been con- 
sidered to be less confusing to give all percentages as Fe, designat- 
ing how much is in the different oxide forms, or more simply to 
show the percentage of Fe which is oxidized to Fe2O3, the re- 
mainder being FeO, with possibly a very small amount of metallic 
iron, Fe. 

The slag collected in the furnace at A, B, and C, is materially 
higher in iron content than is the original coal ash. This segrega- 
tion is largely due to the pyrites in the coal being coarser and 
heavier, thereby falling into the slag bed. Also the ash particles 
higher in iron content are likely to be more sticky and, therefore, 
adhere more readily to any surface contacted. The oxidation of 
the iron is least in the slag tapped, that is, only 19 per cent of its 
iron is in the form of Fe,O;, and 81 per cent in the form of FeO. 

It should be remembered that the iron oxides are not separate 
and free, but combined with the other ingredients as complicated 
silicates. Their properties and fluxing action, however, are af- 
fected by the form of the iron oxides entering into these silicate 
compounds. 

The ash collected in the boiler-tube bank has about the same 
iron content as the ash in the original coal, and the farther on it 
proceeds in the gas stream the higher is the percentage of oxida- 
tion. The total travel from the burners to the tube bank is about 
60 ft. The fusing-temperature ranges of the slag and ash samples, 
collected from different parts of the furnace, have been determined 
in the laboratory, both in a reducing atmosphere by the A.S.T.M. 
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method, and also in an oxidizing atmosphere. 


The tempera- 
tures on the oxidizing basis are found to be considerably higher. 

Tests made in a small open-pass boiler, shown in Fig. 2, bring 
out similar results. This keiler has a furnace 7 ft high from the 
burner to the floor, and a total gas travel of only 21 ft from the 
burners to the superheater bank. 


The slag collected in the bottom’of this primary furnace shows 
practically all of the iron in the slag (which is 55 per cent more 
than the iron in the original coal ash) to be in the ferrous state. 

The ash collected in the furnace at locations C, D, H, and F 
is only slightly higher in iron than in the coal ash, and this is 
40 to 50 per cent oxidized. Both of these conditions are un- 


HEAT ABSORPTION RATE - THOUSAND B.TU. PER SQ.FT HR. 
Ss 
Ss 
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doubtedly brought about because a considerable percentage of 
the ash deposited in these locations arrives in the form of un- 
burned coke, which burns or smolders slowly. Incidentally, the 


irate of combustion in this furnace varied by regular cycles from 


12 to 100 per cent of full rating, the latter being at the rate of 
385,000 Btu per cu ft per hr for the primary furnace. 
It is noted that the fluid temperature of the slag in the primary 


_ furnace is 210 F lower than the fluid temperature of the same 
\slag if the iron were fully oxidized. This results in increasing 


the rate of heat absorption in the primary furnace, as its surface 
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receiving temperature is governed by the fluid temperature of 
the coating of slag which is always present. 


Errectr oF SLAG ON Rate or Heat ABSORPTION 


In order to learn more about the effect of slag on the rate of 
heat absorption in furnaces and to collect samples of slag free 
from contamination by any coal except that being burned when 
the furnace heat-absorption tests are being made, a water-cooled 
probe was developed. This probe is 1!/; in. diam and 5 ft long. 
It can be inserted into any part of any furnace. 

The data plotted in Fig. 3 were obtained by means of a probe 
in a primary furnace, similar to that shown in Fig. 1, burning 
Illinois coal. They show that the probe, when first installed and 
kept clean by continuous scraping for a few minutes, absorbed 
heat at the rate of about 140,000 Btu per sq ft per hr. Within 
about 3 hr, the probe became completely covered with slag to a 
state of equilibrium, that is, it acquired a film of about 1/s inch 
thickness, with molten slag dripping off as fast as additional ash 
collected. Under these conditions the rate of heat absorption 
decreased to about 50 per cent of the original. 

The relatively great segregation of iron in the slag collected 
in the furnaces previously referred to raised the question as to 
whether this was general in all pulverized-coal fired furnaces. 
Data from 15 coals mostly in different furnaces are given in Fig. 
4, These are arranged to show the percentage of iron in the coal 
ash, and in the slag or dry ash collected from the furnaces. Also, 
the fusing temperature of coal ash and of slag are shown diagram- 
matically, and are arranged in order of decreasing softening tem- 
perature of the coal ash, as determined by the A.S.T.M. method. 

Seven of the furnaces of Fig. 4 are designed for dry-ash re- 
moval, hence, they have no molten slag and little or no vitreous 
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slag. Furnaces 1 to 8 were burning high fusing-ash coal with 
low percentages of iron and showed a relatively small increase 
in iron in the furnace ash over the coal ash. Furnaces 5, 11, 14, 
and 15 were burning coal having ash of lower fusing temperature 
and higher iron content and showed an increase in iron segrega- 
tion in the furnace ash over the coal ash of the same order as 
that which occurs in slag-tap furnaces burning similar coal. 

In passing, it should be stated that low fusing-ash coal can be 
burned satisfactorily in dry-ash furnaces if enough water-cooled 
surface is provided to keép the ash below its troublesome tem- 
perature. When the iron in the ash is largely oxidized to Fe,Os, 


the initial deformation (perhaps closely related to its initial 
sticky temperature) is 250 to 400 deg higher than on the A.S.T.M. 
or reducing-atmosphere basis. It is noted that in most cases the 
fusing-temperature range of the furnace ash is lower than the coal 
ash, when comparison is made on the reducing basis. On the 
oxidizing basis, there are several cases where the furnace ash has 
a higher fusing-temperature range than has the coal ash. 


ImporTANCE OF IRON IN Coat Asx ON Fusina TEMPERATURE 


While it is fully realized that other ingredients of coal ash 
affect its fusing temperature, and especially the relationship be- 
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tween silica, alumina, lime, magnesia, and the alkalies, yet it 
seems that they hold a second place in importance to iron. Dr. 
Fieldner’s early work (1) gives analyses of coal from many parts 
jof the world. It is noted that: those in which we are most in- 
terested, namely, the Appalachian and Mid-Continent fields, are 
of a greater similarity of ash composition than are lignite and 
some other coals. As the coals in which we have been working 
come largely from the Appalachian and Mid-Continental fields, 


“\we have restricted the plotting of points in Figs. 5 and 6 to these 


areas. 

The data plotted in Fig. 5 include representative data from Dr. 
Fieldner’s early work (1), coal samples covered in Nicholls’ 
references (2), as well as a large number of tests made in connec- 


_ tion with the authors’ work. In order to simplify the plotting 


_of data on this basis of comparison, it was thought best to mark 


. the points by the three sources of information rather than to 


differentiate between the individual coals. Anyone who is in- 
‘terested further can take the data from Dr. Fieldner’s and Mr. 
Nicholls’ work and plot the individual samples, where complete 
/ analyses of ash and slag are available, and complete data from 
the authors’ work will be supplied to those who are specifically 
interested. 

It is clearly brought out that the fusing-temperature range, 
jthat is, initial deformation, softening, and fluid points, by the 
A.S.T.M. method in a reducing atmosphere, all vary decidedly 
with the percentage of iron, variations from the average, probably 
being due to ratios of silica, alumina, lime, alkalies, etc. It is 
also noted that the oxidizing basis brings all data more nearly to 
a uniform range, that is, there is not so much spread between the 
initial deformation and the fluid temperature. However, in each 
group, the difference between the reducing and oxidizing atmos- 
phere appears to be a distinct function of the iron content, and 
approaches 500 F for about 25 per cent iron, while on the fluid 
basis the difference is about one half. 

Similar data from the furnace ash and slag from the same coals 
of Fig. 5 are shown in Fig. 6, in so far as they are available. Dr. 
Fieldner did not have data on fluid temperature of coal ash nor 
any data on slag corresponding to the coal ash. Nicholls gave 
data on coal ash and slag from the same coal, but only on a reduc- 
ing basis. 

The percentage of iron in the furnace ash and slag is higher 
than is the iron in the laboratory-prepared ash from the same 
coal, as illustrated in Fig. 4, and as noted from the data given in 
Nicholls’ work. However, Fig. 6 may show more points in a 
given group of iron content than does Fig. 5, because more tests 
have been made on the furnace ash and slag than on the coal. 

Most of the ash or slag with the lowest iron content comes from 
southern West Virginia, where the basic ash is largely fire clay, 
or in approximately fire-clay proportions of silica and alumina, 
with a small amount of iron and lime. If the iron were entirely 
eliminated their fusing temperature would exceed 3000 F. The 
data given are limited by the furnace used to 2850 F, so that 
actual fluid points are undoubtedly higher than those shown. 

Mr. Nicholls has done some thorough work relating to the 
variation in flow temperature of slag with different ferric per- 
centages, as shown in Fig. 7. This is reproduced from Fig. 1 of 
his paper (4). The State Line slag has a silica-alumina ratio 
of 2.51, 37.5 equivalent FeO; or 26.3 Fe, and 8.4 CaO + MgO. 

The ‘ferric percentage”’ equals 


) 


Fe,03 


Fe,03; + 1.11 FeO + 1.43 Fe yas 


In Figs. 1 and 2 this same value is called “per cent oxidation of 
iron.” It is obvious that the same percentage will be obtained 
if the Fe in Fe,O, is divided by the total iron in the ash. 
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Mr. Nicholls does not state whether he was able to recover from 
all slag samples all of the iron in its existing form as either Fe, 
FeO, or Fe.0;. We have sometimes found it difficult to get all 
of the ferrous and ferric iron into solution without causing oxida- 
tion as in the standard nitric-acid method. Therefore, we have 
taken the “‘per cent oxidation” to be the Fe in Fe,O; divided by 
the total iron actually recovered in Fe, FeO, and Fe.03. 

It should also be pointed out that Mr. Nicholls is using “flow 
temperature”’ which is not the same as the fluid temperature called 
for in the A.S.T.M. method. Mr. Nicholls also gives the highest 
ferric percentages to be 70 to 80 per cent in air. Perhaps the 
slag was so vitreous that the penetration of oxygen could not be 
complete. We have found ash from boiler- and superheater-tube 
banks more than 90 per cent oxidized. 

We have made some fusing-temperature determinations on slag 
which had been pulverized and reformed into cones, and com- 
pared them with cones shaped directly from the vitreous slag in 
one piece. As a rule, the latter have a higher fusing-temperature 
range and less spread between the initial deformation and the 
fluid point than when pulverized and reformed. 

Further work by Nicholls (5) gives in his Fig. 4 the effect of 
“ferric percentage”’ on flow temperature of coal ash. The authors 
have taken the liberty of replotting these data in Fig. 8, grouping 


470 


them according to the iron content of the slag, and labeling the 
different curves with the percentage of CaO + MgO. The end 
points, or those of maximum oxidation, are taken as differences 
from the 10 per cent ferric condition, and are shown in Fig. 6 for 
comparison with the other work. Also the test by Nicholls of 
State Line slag, previously referred to, is similarly shown in 
Fig. 6. It is noted that Nicholls’ data give a steeper curve re- 
garding the effect of percentage of iron on spread between the 
fluid temperature in oxidizing and reducing condition. 

These differences may be due to the difference in the coal with 
which we were dealing; difference in the method of determining 
the fluid temperature versus flow temperature; or how actively 
reducing and how actively oxidizing the furnace atmospheres may 
have been in the two cases. 


OBSERVATIONS From FURNACE OPERATION 


The effect of the different forms of iron in coal ash and slag 
is sufficient in explaining many phenomena which may have been 
attributed to other less accurately defined causes. 

Flame impingement produces active cutting of refractory or 
extra high rates of heat absorption in water-cooled surfaces. In 
addition to the higher temperature due to the proximity of the 
turbulent burning fuel, the ferrous condition of the slag fluxes 
refractory more rapidly and keeps slag more fluid, thereby re- 
sulting in a thinner protective coating on water-cooled surfaces. 

Slag can be tapped more easily when operating with low excess 
air, which not only produces a high adiabatic temperature, but 
causes a more fluid slag because of the ferrous condition of the 
iron. 

Higher rates of heat absorption by waterwalls in slag-tap fur- 
naces result from a combination of the preceding phenomena. 

Pyrites in free pieces when properly pulverized and burned 
will result in the formation of Fe:O3, FesO., or FeO, depending 
upon the degree of oxidizing atmosphere present. But, if the 
particles are too coarse for partial or complete oxidation under 
the burning conditions prevailing, FeS may be formed, a very 
troublesome compound which may collect as a liquid beneath the 
slag bed, often cutting through floors, tubes, etc. This also is 
likely to be the cause of cutting metal away from tube faces above 
slag level under certain conditions of active flame impingement. 

Excess carbon, resulting from coarse unburned coal on slag 
surfaces may reduce any form of iron oxide to metallic iron. Such 
iron settles to the bottom of a molten slag-pool and forms sala- 
manders which are difficult to remove either hot or cold. If 
sufficient metallic iron were removed from the slag by such pre- 
cipitation, the fusing temperature of the remaining slag would be 
raised, due to the lower FeO or Fe.0; content. 

When pulverized coal burns completely, the residual ash from 
some particles may be quite different from the ash of other par- 
ticles. Some have practically no iron present while others may 
have varying percentages of iron, up to practically 100 per cent 
iron resulting from the combustion of pyrites. As boiler furnaces 
are normally operated with some excess air, the tendency is for 
the iron to become fully oxidized to FeO; as it passes on with the 
gases. 

Some coke or incompletely burned coal is always present in 
fly ash. When it strikes walls or tubes some adheres and the 
carbon then burns quite rapidly, leaving the ash adhering to 
and combining with other ash or slag already there. Ironin this 
ash, liberated in the presence of burning carbon, is likely to be 
partially or largely in a ferrous (FeO) state. This bears out the 
general observation that coarse pulverization or stratification 
from poor burners results in more slag in boiler- or superheater- 
tube banks than is experienced when operating with fine pul- 
verization and good burners. 

Practically all of the ash carried from fuel beds by the gases 
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of combustion is in the form of coke particles and the resultant 
action of burning out and depositing a troublesome slag takes 
place, similar to that described in the preceding paragraph. 

For dry-ash furnaces the property of coal ash, which it seems 
best to use as a guide in furnace design and adaptation of coal, is 
the initial deformation on the oxidizing basis. With proper pul- 
verization, and burners in good adjustment, the ash reaching the 
wall, and especially the tube bank or superheater, should be 
highly oxidized. As it is desired to operate such a furnace without 
sticky or vitreous slag, the gases should approximate tempera- 
tures at or below that corresponding to the initial deformation. 
It is recognized that coals having ash with high initial deforma- 
tion such as 2800+, can be burned in a given furnace at higher 
rates of combustion and with higher gas temperatures, entering 
tube banks with less slag trouble than can be obtained from 
coals having ash with lower initial deformation temperature. 
The individual furnace and the arrangement of gas flow has a 
great deal to do with the limits which can be satisfactorily used. 
Where gases are flowing parallel to surfaces there is much less 
adherence of a given ash at a given temperature than where the 
direction of flow causes direct impact against the wall or against 
tubes. Therefore, for the present, it seems to be less important 
to learn just what is the sticky point than it is to obtain data on 
some already recognized basis, such as initial deformation, be- 
tween the extreme conditions produced in an oxidizing atmos- 
phere, as distinct from the reducing atmosphere. 

For dry-ash furnaces, the softening temperature is not of par- 
ticular importance, except that a knowledge of it together with 
the fluid temperature are worth-while guides to note where local 
trouble from flame impingement might cause the formation of 
vitreous slag, even though the furnace proper and the tube bank 
were free from any slagging trouble. By making a furnace large 
enough, or at least keeping the rate of combustion low with re- 
spect to the surface exposed, dry ash can be obtained with any 
coal such as No. 11 in Fig 4. 

For slag-tap furnaces, the fluid temperature in a reducing 
atmosphere is probably the most important characteristic with 
relation to the tapping of slag and the range of rating over which 
the boiler can be operated and have slag tap satisfactorily. The 
next important point is behavior of ash in the tube banks where 
slag might adhere, and here the initial deformation on the oxidiz- 
ing basis is again a significant index. The other information, L.e., 
softening temperature and fluid temperature, may be useful at 
least until performances become better standardized with the 
increased knowledge of ash and slag. 

For fuel-bed and stoker operation, the softening temperature 
on the A.S.T.M. method with a reducing atmosphere is un- 
doubtedly the best criterion. Clinker formed in the fuel bed is in a 
reducing atmosphere, and the entire elimination of clinker is im- 
possible except for the very highest ‘softening temperature ash, 
and it must in any event be kept cooler than the fluid point, or else 
a most serious form of trouble will result. As to the indications 
for trouble in the tube bank, that is not so easy where a large 
percentage of all the ash arrives at that point in the form of coke, 
which burns and leaves the ash largely reduced so it might seem 
that the initial deformation on the A.S.T.M. method would be 
some criterion to bird nesting or slagging in tube banks. 


SuMMARY 

Fusing-temperature determinations of coal ash have served a 
useful purpose over a period of more than 20 years, and have 
brought about a reasonably accurate basis for comparisons be- 
tween different coals, as to their relative clinkering properties. 

The A.S.T.M. method, which determines the initial deforma- 
tion, softening temperature, and fluid temperature in a reducing 
atmosphere is best adapted to fuel-bed and stoker conditions 


svhere the ash forms into clinker in a reducing atmosphere. The 
-oftening temperature is the most important phase of the 
ange. 

_) With the extended use of pulverized coal, it is found that other 
yroperties of the ash are important in addition to those already 
secognized by the A.S.T.M. standard. The additional informa- 
ion desired is the fusing-temperature range in an oxidizing 
\tmosphere, and also the determination of the percentage of iron 
Db the ash. 

There has been a tendency to abbreviate the A.S.T.M. stand- 
-ird data, and much published data relating to coal are restricted 
‘so the softening temperature alone. Some recent publications 
(6) have given only the initial deformation and softening tem- 
) erature of the ash in the coal itself. Mr. Gould’s paper (6) 
meluded a series of very valuable experiments which show the 
segregation of ash but limited the determination to initial 
deformation alone, which, owing to the special nature of this 
-work, was justified. In discussing this paper, its authors ex- 
ypressed a great doubt as to the accuracy with which fluid tem- 
perature could be determined in different laboratories. 

Mr. Nicholls’ work has injected the term “flow temperature”’ 
vand he has also investigated most thoroughly the matter of slag 
“viscosity, from which work he has brought out most useful data. 
) It would seem that the time has arrived for reconsideration 
and further investigation, and perhaps new standards, with re- 
sspect to the fusing temperature of coal ash and slag. 

As to whether or not initial deformation holds a close relation 
to stickiness is uncertain. There is evidence from the collection 
-of the first coating of dust on the water-cooled probe that the 
foundation of all slag is a dust of very highly segregated iron 
content. 

Even though the characteristics of coal ash are determined by 
the A.S.T.M. method, plus the fusing-temperature range in an 
oxidizing atmosphere, and the percentage of iron, it is doubtful 
if that information will give all that is necessary to learn what one 
should know of the coal characteristics and the adaptation of 
| this fuel to certain equipment. The high degree of segregation 
of the iron in the furnace ash and slag causes much doubt to be 
cast on any determination from the coal ash alone. Perhaps a 
| segregation factor might be worked out for different types of 
| furnaces and rates of combustion. The surest way is the old way 
of actually testing a given coal in the plant where it is to be 
' burned and learn its characteristics and the results from over-all 
performance. To be of value regarding the cost of operation, 
| slag removal, etc., such a test should be of at least a week’s 
duration. When such tests are made, complete data not only of 
the coal ash but of the furnace ash and slag should be carefully 
investigated so that a basis of comparison can be formulated 
by coordinating the practical field tests with the laboratory 
tests. 

Active work is still progressing along the line of furnace and 
| boiler design wherein the variations in the characteristics of coal 
and its ash are of diminishing importance. The best results 
seem to be taking two seemingly divergent lines: (a) the slag-tap 
furnace of high duty, wherein a wide range of coal can be burned; 
(b) the dry-ash furnace which has been best adapted to coal hav- 
| ing ash of high fusing temperature, but when built with ample 

, water-cooled surfaces, is suitable to burn the lowest grade of coal 
with a minimum of slag or ash difficulties. To do this requires a 
more expensive unit, and one in which variations in performance 
between pulverized coal, oil, and gas are greatest, and sometimes 
undesirable. 

For the present the evaluation of coal for pulverized firing on 
a basis of its fusing temperature range by A.S.T.M.method should 
be carefully checked with individual furnace type and rate of 
operation before being sure of its true value. 
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Discussion 


T. G. Esrer.! The authors of this paper are to be highly com- 
mended for the experimental work and the analysis made of it as 
set forth in this paper. It is the writer’s belief that the only 
difficulties encountered in burning coal in pulverized form are 
from the ash. Any studies increasing our knowledge of the be- 
havior of this constituent during the combustion process will 
make it possible to alter the design of furnaces to eliminate or 
reduce the troubles encountered and thus widen the range of 
coals which can be used satisfactorily in pulverized form. 

The concentration of iron in the slag at the bottom of the 
furnace is no doubt due to the reasons given in the paper, that 
is, greater weight of the particles high in iron; but the fact that 
the iron in this slag is largely in the ferrous state may not be due 
entirely to lack of oxygen in the furnace. If the steam-generat- 
ing unit has a primary and a secondary furnace, the atmosphere 
in the primary furnace will be deficient in oxygen but, if only one 
furnace is used, there will be excess oxygen present. In either 
case, there will be other reducing agents in the furnace atmos- 
phere, such as carbon, hydrogen, and carbon monoxide. Since 
the iron in the ash originally is not in the form of oxides but com- 
bined with sulphur or silicon, it must first be separated from the 
elements in the natural ash and then oxidized. This oxidation 
must be carried out in an atmosphere which has very little oxygen 
and in the presence of strongly reducing agents, also in a very 
short time. The time element is very important because the 
rate of oxidation will depend upon the amount of surface exposed 
for absorption of oxygen as well as the temperature. It is not 
difficult to understand why the liquid particles of ash reach the 
slag bed with the iron in a metallic or ferrous state. In the slag 
bed itself, there is no opportunity for further oxidation because 
the carbon particles reaching the surface of this bed will use 
what oxygen is available. 

In support of the writer’s belief that time is an important fac- 
tor in the oxidation of iron, a paper by M. A. Mayers’ shows 


4 Professor of Mechanical Engineering, Carnegie Institute of Tech- 
nology, Pittsburgh, Pa. Mem. A.S.M.E. 
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that, in fuel beds on underfeed stokers, there is some excess oxy- 
gen in the presence of combustible gases at high temperatures. 
Just how much of this free oxygen is due to a “blow through” of 
the’ air is not known but, if the combustion cannot be completed 
in the short time available, it is reasonable to assume that the 
oxidation of the iron cannot be completed in the same time. 

Even if some of the iron should be oxidized to the ferric state, 
it is possible that dissociation may take place at the furnace 
temperature. 

Nicholls and Reid® have shown that dissociation begins at 
about 2200 F and is very pronounced at 2400 F. A careful 
search of the literature does not reveal much more information 
on this subject of dissociation than that given in the reference,* 
particularly as to the time element and the effect of the atmos- 
phere in which heating takes place. Dissociation should depend 
upon temperature only but it does require time for equilibrium 
to be established. It is doubtful if any pronounced dissociation 
of ferric oxide to ferrous oxide and free oxygen takes place in a 
boiler furnace. 

It is the writer’s understanding that the iron in the ash and 
slag from the different parts of the furnaces was determined from 
the material collected on the probe and that the probe was made 
from iron. Is it possible that some of the iron in the material so 
' collected may have come from the probe? Since the iron in the 
ash or slag is small, a very small amount of iron from the probe 
would change the percentage materially. Since iron will oxidize 
in the presence of both oxygen and carbon dioxide, it might be 
well to use a nonferrous probe for collecting the samples. 

In securing the information for plotting the curves of heat 
absorption by the water-cooled probe, was care taken to have the 
same water velocity through the probe for all points? While it 
is realized that these curves are intended to show, only in a 
general way, the effect of slag accumulation on the rate of heat 
transfer, the velocity of the water is a very important factor in 
this measurement. 


A. C. Frevpnrer.’ Mr. Bailey has a compelling way of focus- 
ing attention on the need of new and better methods for evaluat- 
ing certain physical and chemical properties of fuels which have 
become important because of new types of equipment or new 
developments in utilization. He does this by formulating a 
scientific analysis of the fundamental principles involved, as in 
his pioneering work on the sampling of coal, or in adapting a 
simple test method and showing its relation to the performance 
of the fuel, as in his cone-fusion test and its relation to clinker 
formation. In the paper under discussion,’ the authors present 
important evidence indicating the need for an amplification of 
the present standard laboratory tests for the evaluation of the 
fusing and clinkering properties of coal ash. 

The softening temperature as determined by the present stand- 
ard A.S.T.M. method has been generally accepted as a rough 
indication of the probable clinkering characteristics of coal ash 
in fuel beds where reducing conditions prevail. However, it has 
been recognized by fuel technologists that the softening tempera- 
ture as indicated by the down point of an ash cone is only a 
single point in a range of temperatures, during which the ash or 
different constituents of the ash begin to soften and ultimately 
become a more or less fluid slag. The range of this melting proc- 
ess and the viscosity of the ash slag undoubtedly has an impor- 
tant bearing on clinker formation and on conditions produced in 
fuel-burning equipment. For this reason, the standard A.S.T.M. 


6 “Viscosity of Coal-Ash Slags,”’ by P. Nicholls and W. T. Reid, 
Trans. A.S.M.E., vol. 63, Feb., 1940, pp. 141-153. 

7 Chief, Technologic Branch, Bureau of Mines, U. S. Department 
of the Interior, Washington, D.C. 

8 Discussion of this paper is published by permission of the Direc- 
tor, Bureau of Mines, United States Department of the Interior. 
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method includes also a procedure. for observing and recording 

the temperatures of initial deformation of the ash cone and the 
temperature at which the cone has spread out over the base in a 

flat layer. This point is known as the ‘fluid temperature.” 

These additional critical points are shown by the authors of this 

paper to be significant in the study of special ash problems, such 

as those pertaining to slag-tap furnaces and the rate of transmis- 

sion of heat through slag-coated tubes. 

Nicholls and his co-workers at the Bureau of Mines also have 
appreciated the urgent need of more knowledge of the relation 
between the composition of ash and its slagging properties than 
is afforded by the initial deformation, softening, and fluid tem- | 
peratures, as given in the standard A.S.T.M. test. The authors 
in the Bibliography of the paper refer (2) to their work on flow 
temperatures and viscosity of ash slags at various temperatures. 
Such data are of fundamental importance in relation to slag-tap 
furnaces and the adherence of layers of slag on heated surfaces. 
They have made considerable progress but much more remains 
to be done. They have developed apparatus and procedures for 
studying the absolute viscosity of ash slags in relation to the 
temperature, composition of the ash, and the oxidizing or reduc- 
ing condition of the atmosphere in which the slag is being formed. 
However, it must be kept in mind that this is no short-term in- 
vestigation. It will require experimentation over a period of 
several years before enough data can be accumulated on which 
reliable predictions can be made on the basis of simple tests 
which may be standardized in a manner similar to our present 
methods. 

The authors have raised the important question of determining 
ash-fusion temperatures in oxidizing atmospheres in order to ob- 
tain data on the extent of slag formation on tube banks or super- 
heaters. This problem also requires extended investigation on 
the correlation of such tests with performance in boiler equip- 
ment. If further studies indicate that fusion tests should also 
be made in oxidizing atmospheres, then a standard test can readily 
be developed for this purpose by Committee D-5 of the American 
Society for Testing Materials. The writer feels sure that this 
committee will be glad to cooperate in extending standard tests 
to furnish the increasing amount of data which is required by 
new developments in coal-burning equipment. 

The writer is in agreement with the authors of this paper in 
their plea for further investigation, and perhaps new or additional 
standards, with respect to the fusing temperature of coal ash and 
slag. The Bureau of Mines has been interested in this field of 
study for many years and expects to continue this work to the 
fullest extent of its facilities. The coal-ash viscosimeter, which 
Nicholls and Reid have developed, has provided a new tool 
which permits the accurate measurement of the flowing properties 
of ash slags under various conditions of heating. Such measure- 
ments go to the heart. of the problem. The data which they are 
obtaining will afford fundamental information on the mechanism 
of the clinker- and slag-forming process in fuel beds, in slag-tap 
furnaces, and on the surfaces of the furnace and boiler equipment. 
It is hoped that they will be able to continue this work over a 
period of years and that practical operating engineers will assist 
in applying and correlating their work with practical operation 
in boiler furnaces. 


R. 8S. Junsrup.? It has been recognized for some time that 
the A.S.T.M. method of determining ash-fusion temperature 
has not proved a wholly reliable guide in predicting the perform- 
ance of coals under actual firing conditions. The reasons shown 
for this discrepancy have been (a) that ash in an oxidizing at- 
mosphere fuses at a higher temperature than in a reducing atmos- 
phere, such as employed in the A.S.T.M. method, since some 
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“constituents of the ash, such as oxide of iron, are reduced to 
‘oxides with lower melting points, and (6) the A.S.T.M. method 
pf sampling and analysis represents the temperature at which a 
‘thorough mixture of the whole ash of the coal fuses, the mixing 
having taken place before the analysis is made. In actual prac- 
_} tice, neither the entire furnace is in a reducing atmosphere nor is 
'the entire fuel supply thoroughly mixed upon entering the fur- 


_ The investigation of Gould and Brunjes® had for its purpose 
the determination of softening temperatures of the ash in physi- 
cally separable portions of coal and the determination of the rela- 
‘tive quantities of ash contributed by each portion. To this end 
samples of five different coals were pulverized to pass a 200-mesh 
Been and then separated into gravity fractions from 1.3 to 1.9. 
-] It is known that reducing coal frees the impurities, this being a 
'method employed in coal preparation. These separations indi- 
cated that, in the main, the ash in these coals is composed of 
‘highly refractory material (2800 F) and easily fusible material 
/ (under 2300 F). It further showed that these fractions are 
‘mot only physically separable, but are separated in the reduction 
_ process. The proportions of easily fusible material varied from 
12.6 to 31.4 per cent of the total ash in the coal. 

| Applying the work of Gould and Brunjes!® to the authors’ 
“studies of slag characteristics, as given in Figs. 1 and 2 of the 
| paper, one can visualize that the easily fusible material quickly 
omelts upon entering the furnace, and upon striking a tube or the 
furnace floor, in a sticky condition, adheres to it. The refractory 
ash, in union with burning-coal particles or alone, passes through 
the furnace to deposit itself upon generating or superheater tubes 
or other heating surfaces in varying forms of sticky, spongy, or 
granular ash, depending upon whether or not it combines with 
| ash of different fusing temperature. The greater concentration 
of iron in the furnaces of Figs. 1 and 2 of the paper may in part 
‘be accounted for by the presence of a reducing atmosphere 
‘therein and also! to the greater density of the low-fusion-ash 
particles, causing them, in accordance with Stokes’ law, to be 
‘more quickly precipitated to the floor. The original form in 
which the iron in the ash existed such as FeS:, Fe,SOx, is likely 
N reduced to Fe by combustion of the S. and in its passage through 
' the furnace picks up O, to form FeO, Fe.Os;, and Fe;O.. 

|The work of Gould and Brunjes,!° therefore, complements the 
- authors’ studies and helps to explain the varying forms and con- 
stituents of ash, clinker, and slag found in pulverized-coal-fired 
furnaces. In this and previous similar investigations, the authors 
have given a clear picture of the results of coal ash in the fur- 
jnaces studied, whereas, Messrs. Gould and Brunjes devoted 
their studies to causes creating these results. They merit the 
| thanks of those interested in coal utilization and steam genera- 
tion. 


P. Nicuouis!? anp W. T. Remp.!* This paper" is timely and 
helpful because it again draws attention to our neglect of oppor- 
tunities in that we have made little attempt to use the initial and 
fluid cone-fusion temperatures, but have optimistically hoped 
that all ash behaviors and all troubles could be explained as be- 


10 ‘‘Proportions of Free Fusible Material in Coal Ash as an Index 
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11 ‘‘Fysion Characteristics of Fractionated Coal Ashes,” by A. H. 
Moody and D. D. Langan, Jr., Combustion, vol. 5, Oct., 1933, pp. 13- 
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ing proportional to the softening temperature. That such 
optimism was not justified has been proved by many failures of 
coordination between the softening temperatures and relative . 
clinkering or slagging troubles. 

In our attempts at coordination there has been equal fault in 
failing to analyze the dependence of ash troubles on the condi- 
tions to which that ash has been subjected, or, as we have ex- 
pressed it, a consideration of the life history of the ash in terms 
of path of travel, temperatures, and time. For a number of 
years our reports have urged that correct interpretation of clinker- 
ing and slagging requires much more analysis of conditions than 
has been customary. 

The latter part of the paper suggests uses that could be made 
of the three cone-fusion temperatures in connection with dif- 
ferent types of furnaces or methods of burning; such extended 
use of the cone fusions would undoubtedly be an advance, and 
engineers should make a practice of asking for the three fusion 
temperatures when cone tests are made. 

However, even with the values for the three cone-fusion tem- 
peratures, there will always be a limitation to the interpretation 
and analysis of observations of clinkering and slagging, and also 
of the ability to predict the suitability of a coal, unless and until 
we have data on the viscosity of slags. The ease with which a 
molten slag will run or the rate at which it will flow are evidently 
very important in the slagging of tubes or walls in all types of 
furnaces, in fuel beds as affecting the density of the clinkers and 
the clogging of grate bars, and in slag-tap furnaces as affecting 
the ability to tap and the time required. 

The authors bring out a number of interesting points that in- 
vite discussion. First it is suggested that the paper does not 
place enough importance on the lime content of ashes and slags; 
its effects in many respects equal those of iron oxides. Lime be- 
comes of more importance as the iron content is low, or as the 
ferric percentage is high, i.e., under oxidizing conditions. Plots, 
such as those of Figs. 5 and 6 of the paper, will give scattering 
of the points if the lime contents vary. 

The segregation of iron in the slag bed or primary furnace, 
shown in Fig. 4, averages higher than in the eighteen furnaces 
we reported on in 1934 (Table 2, Bibliography (4) of the authors). 
For the slag-tap furnaces of Fig. 4, the increase in iron, expressed 
as percentage of iron in the coal ash, averages 70, with a maximum 
of 90, whereas, ours averaged 11 per cent with a maximum of 32. 
Presumably this is due to higher rates of burning in the primary 
furnace in later designs. 

Tables 1 and 2 of the same paper (4) show that there was 
segregation not only of the iron but also of the lime; in addition, 
there was increase of the silica-alumina ratio. The lime was in- 
creased in twelve and the silica-alumina ratio in sixteen out of 
the eighteen furnaces. 

The authors show that the ferric percentage of the slags and 
ashes increased along the path of travel of the gases and imply 
that what occurs is that the iron in the ash particles is highly re- 
duced in the primary furnace and is then reoxidized along the 
path of travel. We did not examine wall or tube deposits from 
the eighteen boilers, but eleven stations furnished samples of 
fly ash, which were so taken as to match the slag samples; the 
average ferric percentage of ten samples was 77, and the maximum 
84. Our deduction was that the iron in most particles does not 
have time or opportunity to be reduced in their passage through 
the furnace. However, particles deposited on a wall will have 
ample time to reach equilibrium, and there will be more reduc- 
tion to FeO as the particle is maintained at a higher temperature, 
or is in contact with carbon. 

Whether reduction and then reoxidation occur could be proved 
by collecting fly ash in water-cooled samplers at different posi- 
tions along the path of travel. However, studies we have made 
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on oxidation and reduction of slag particles under controlled 
conditions support our viewpoint of 1934. Reduction of FeO; 
to FeO can occur relatively rapidly, as far as the change is due to 
increase of temperature only, but less rapidly by the action of a 
reducing gas or carbon. Reoxidation is relatively slow; the ab- 
sorption of oxygen must start at the surface of a particle of slag 
and work inward; thus, the time required to oxidize will increase 
rapidly with the size of the particles. We do not consider it 
likely that the actions of reduction and reoxidation can occur in 
the few seconds required for the passage of the ash through the 
furnace. 

The foregoing and Fig. 12, of reference (5) of this paper, ex- 
plain why the authors found ash having 90 ferric percentage in 
the rear of the furnace, whereas, in our tests the ferric percent- 
ages were lower for slags that reached equilibrium in air at higher 
temperatures. 

The paper raises a question on the dependability of the chemical 
analyses for total iron and iron forms in slags. The question 
was referred to W. A. Selvig, under whose direction our many 
analyses were made; his report follows: 

“No method for the determination of iron forms in materials 
such as slags is entirely satisfactory. All methods are empirical 
and subject to small errors, the extent of which it is difficult to 
determine exactly. The method used by the Bureau is that of 
the Bureau of Mines Technical Paper 8, Methods of Analyzing 
Coal and Coke. 

“By this method total iron can be determined accurately and 
is calculated to Fe2Os. 

“Metallic iron is determined by digesting the slag with mer- 
curic-chloride solution. Ferrous iron plus metallic iron are de- 
termined by digesting a portion of slag with dilute sulphuric 
acid under specified conditions, whereby these two forms are ob- 
tained in solution, and this soluble iron determined. This iron 
calculated to FeO minus the FeO equivalent of the metallic iron 
represents the ferrous oxide in the slag. 

“The ferric oxide in the slag is obtained by subtracting the 
Fe,0; equivalent of the ferrous oxide and the metallic iron from 
the total equivalent Fe.0; previously found.” 

The authors’ definition of their term ‘“‘per cent oxidation”’ is 
the same as ours for ‘ferric percentage,”’ which we define as the 
‘ratio of ferric iron to total iron, expressed as a percentage.’ 
We question whether the term used by the authors has as definite 
a meaning because both the ferrous and ferric states represent 
per cent oxidation of the iron. 

The authors refer to ‘stickiness’ several times. This is an 
interesting and also—we have found—a complex property. It 
would be a blessing if slags would not stick to boiler tubes, but 
independent of whether or not data will be of immediate use we 
should have some understanding of factors involved in sticking. 

A definition is required. Stickiness is more than “wetting;” 
a rod dipped in water will be wetted but one would not call water 
sticky. A rod pressed into tar, heated so that it is just soft, will 
stick, but heat the tar enough, and it will be so liquid that it 
would no longer be sticky. Thus, stickiness involves some meas- 
ure of “force to separate” and, in general, as a slag is heated 
there will be a range of temperature over which it could be called 
sticky. However, it is possible that measures of ranges of wet- 
ting may also be required. 

Two surfaces are always involved in sticking; so far our studies 
have been limited to the sticking of slag to slag, both surfaces 
being at the same temperature. We have records of the initial 
temperature of sticking of over 400 slags, included in the report 
of reference (4) of the paper. Most slags had one sticky range; 
others would have two, that is, the stickiness disappeared as the 
temperature was increased and then reappeared. Others seemed 
to have no sticky temperature. 
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A more intensive study of a few slags and glasses showed that 
the stickiness depended upon the liquid phase present in the slag, 
its quantity, and its viscosity; also, the appearance of stickiness 
was related to the rate of heating and cooling. The initial sticky 
temperature of slag to slag tended to equal or be less than the 
cone initial temperature of the premelted ash, but there was no 
definite relationship to chemical composition. 

Studies of the stickiness of slags to other material are included 
in our plans for the future. We have recognized that deposits on 
metal tubes may materially affect the sticking of slags. Con- 
densation of alkalies from their vapors can be one form of de- 
posit and, under special fuel-bed conditions, silica may be 
deposited as the result of oxidation of silicon in the gaseous phase. 

We have studied high-iron black deposits, such as the author 
found on the probe. One sample had 53 per cent equivalent 
Fe,0;, twice the CaO of the coal ash, and a somewhat higher 
silica-alumina ratio; the ferric percentage was 78. A micro- 
scopic examination showed that it was composed of particles of 
fly ash, lightly fused together. The conclusion was that those 
particles having high iron and lime stuck to the tube more readily 
because they were stickier than the refractory particles. 

The intensive studies on pulverized-coal furnaces which Mr. 
Bailey has organized should be extended to other types of fur- 
naces, to producers, and to kilns, in the attempt to correlate the 
life history and forms of the ash more definitely with its composi- 
tion and properties. A few complete studies should give pat- 
terns for reference in each class of burning. The probe and other 
innovations in methods of tests devised by the authors will be 
valuable tools in such investigations. 

However, before such studies are undertaken there must be 
more complete knowledge of the absolute properties of the ash 
than is given by even the three cone-fusion temperatures. The 
cone values are at best related to arbitrarily fixed conditions of 
test, and vary with changes in the conditions. Premelting the 
ash and making up a cone can change the initial deformation 
temperature as much as 300 F from that of the original ash. 
Which is the correct value to use? Ashes have definite physical 
properties, such as viscosity and surface tension, which are ex- 
actly, or very closely, defined by the chemical composition. To 
have definite meaning, the cone temperatures must be compara- 
tive measures of the physical properties; therefore, it is necessary 
to determine whether such relations exist and can be used, or 
whether the values for the primary physical properties should 
supplement the more easily obtained cone-fusion values. 


E. B. Powrnuu. The authors devote the greater part of their 
comment to the influence of atmosphere on the properties of coal 
ash as deposited in different parts of the furnace and on heat- 
absorbing surfaces. In this they point out the effect of the 
combustion stage of the individual particle in determining the 
surrounding atmosphere and the importance of fineness of pulveri- 
zation as a factor in determining the combustion stage of the 
particle in any part of the furnace or path of the combustion 
products. These observations are of great value. Apparently, 
however, the primary purpose of the paper is to urge further 
study of the ash-fusion determination and the inclusion in the 
determination of the effect of an oxidizing atmosphere. The 
writer is in hearty agreement with the authors in this plea. He 
would add, however, that in the further study special attention 
should be given to definition of the atmosphere. The authors 
themselves suggest as a possible explanation of differences ob- 
tained in determinations made in their own and the Bureau of 
Mines laboratories, differences in degree of reducing and oxidiz- 
ing properties of the respective furnace atmospheres. A further 


15 Consulting Engineer, Stone & Webster Engineering Corporation, 
Boston, Mass. Mem. A.8.M.E. 
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illustration of the relative indefiniteness of the expressions ‘‘re- 
ducing” and. “oxidizing,” as applying to laboratory-furnace 
| atmospheres, is given in Table 1 of this discussion, covering data 
secured, for purposes of comparison, a few months ago on ash 
from one of the Pennsylvania bituminous coals. 


TABLE1 FUSION TEMPERATURES OF COAL ASH AS AFFECTED 
BY ATMOSPHERE, IN DEG F 


A B G D 
Initial deformation.......... 1925 1990 2245 1980 
Sort hola Sm eer Gln tO.ceenD CeO 2640 2790 2375 2320 
IpWERIE Gens Oo pO OOO 3030 2905 2540 2490 
Nore: The furnace atmospheres are designated as follows: A, carbon 


monoxide; B, carbon dioxide, largely decomposed to CO and Os»; C, products 
of coke combustion in air, slightly reducing; D, air. 


Atmosphere C, while not in exact accord with the A.S.T.M. 
specification, was probably in rather close accord with that usu- 
ally obtained under the specification. It will be noted, how- 
ever, that, except in the temperature for initial deformation, 
the values secured in the two atmospheres C’ and D, are not radi- 
cally different, the lower values, to the extent of the difference 
which occurred, being reported for the atmosphere of air. 


Ratea A. Suerman.'© The authors have very properly 
stressed the increase in the iron content of the furnace ash and 
slag over that of the original coal ash and the importance of the 
degree of oxidation of the iron in the ash or slag in the determina- 
tion of the fusion characteristics of the material. They have re- 
lated the degree of oxidation of the iron to the composition of the 
atmosphere and suggest that for pulverized-coal furnaces, particu- 
larly, the fusion temperatures should be determined in an oxi- 
dizing as well as in the standard A.8.T.M. reducing atmosphere. 

The writer agrees that the composition of the atmosphere is 
important both in the boiler furnace and in the ash-fusion fur- 
nace but another important factor in the determination of the de- 
gree of oxidation of iron, that the authors have not mentioned, 
is the temperature to which the slag is subjected either in the 
boiler furnace or in the ash-fusion furnace. As expressed by the 
writer in a Bureau of Mines bulletin:!7 ‘Ferric oxide is not 
only reduced by CO, Hz, and CHi, which are present in boiler 
furnaces, but also, even in an oxidizing atmosphere, it begins to 
dissociate under atmospheric pressure at a temperature of about 
2500 F into oxygen and a solid solution which is probably FesO, 
in EF e203.” 

In an earlier publication™ on the investigation of boiler-fur- 
nace refractories and later in bulletin” the writer called attention 
to the segregation of iron in the slag deposits on boiler tubes and 
presented data on the ratios of FeO to Fe,O; in slags. For ex- 
ample, Table 2 of this discussion shows the content of the F e203 
in the ash of a coal from the Illinois No. 6 seam and the Fe,O; and 
FeO contents of slags from a furnace fired with a traveling-grate 
stoker. 


TABLE 2 ASH AND SLAGS FROM ILLINOIS NO. 6 COAL ON A 
TRAVELING-GRATE STOKER : 


Composition, : 

-——per cent—— _ Softening 

FesO3 FeO temp, F 
Goal Ashe tees oe 2 = a ha a Sw oe 19.8 at 2010 
Slag from sampling tube in furnace......... 14.7 16.9 eee, 
Slag from boiler tubes, next to tube......... 28.0 Le7, 1960 
Slag from boiler tubés, outside of pieces..... PP Nee | 7.3 2060 


The slag taken from a water-cooled sampling tube in the fur- 


16 Supervisor, Fuels Division, Battelle Memorial Institute, Colum- 
bus, Ohio. Mem. A.8.M.E. 

17 “A Study of Refractories Service Conditions in Boiler Furnaces,” 
by Ralph A. Sherman, U. S. Bureau of Mines, Bulletin 334, 1931, p. 
101. 

18 ‘Refractories,’ by Ralph A. Sherman, W. E. Rice, and L. B. 
Berger, Mechanical Engineering, vol. 48, 1926, pp. 1389-1396. 
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nace not far above the fuel bed not only contained a higher per- 
centage of total iron than did the coal ash but the percentage of 
FeO was greater than that of the Fe,0;. The slag on the boiler 
tubes was divided for analysis into the less strongly fused ma- 
terial next to the tubes and the strongly fused material on the 
outside of the pieces. That next to the tube contained only 1.7 
per cent FeO, whereas, that on the outside of the pieces contained 
7.3 per cent. The atmosphere around the water-cooled tube 
may have been reducing at least part of the time, whereas, the 
conditions at the boiler tubes were undoubtedly oxidizing at all 
times. It is certain that the temperatures around the sampling 
tube were much higher than at the boiler tubes. We cannot be 
certain, therefore, as to whether the atmosphere or the tempera- 
ture had the greater influence on the degree of oxidation of the 
iron in comparison of the material at the two positions. 

Considering the material from the boiler tubes, however, it is 
reasonably certain that the atmosphere around the tubes was 
similar at all times but the temperature to which the material on 
the outside and inside was subjected was considerably different. 
The material, which collected adjacent to cool tubes, contained 
much less FeO than did that on the outside which had been 
heated to a higher temperature and this difference must have 
been due to the temperature alone. 

The softening temperatures were unfortunately determined 
only under the standard reducing conditions. They were all so 
low that the effect of the differences in the degree of oxidation of 
the iron did not appear. 

Another example of the difference in degree of oxidation of the 
iron was given in the bulletin.!’ In a furnace fired with Pitts- 
burgh coal on a traveling-grate stoker, the percentages of Fe,0s 
and FeO in a sample of slag collected on a water-cooled tube in 
the furnace were 7.2 and 39.2, whereas, the slag sample from the 
boiler tubes contained 46.2 and 2.9 per cent, respectively. Other 
examples of the degree of oxidation of slags are given in the bulle- 
tin, but none shows definitely whether the difference was due ta 
the atmosphere or to the temperature. 

In the data given in the authors’ Figs. 5 and 6, the effect of 
temperature on the degree of oxidation may be suspected from 
the decrease in the differential between the fusion temperatures 
in oxidizing and reducing atmospheres as the temperature in- 
creases. That is, it is clearly shown that the difference in the re- 
sults for the two atmospheres is less for the fluid temperatures ~ 
than for the softening or initial-deformation temperatures. 
This undoubtedly results from the fact that the fluid tempera- 
tures were in the range where reduction of Fe.O; occurred inde- 
pendently of the atmosphere surrounding the cone. 

Likewise, the smaller differential for the two atmospheres with 
the lower iron content of the ash or slag may have been partly 
due to the effect of temperature, as these materials with lower 
iron content had to be raised to a higher temperature in the de- 
termination than did those with higher iron content. { 

Of the two factors affecting the degree of oxidation of the iron 
in ashes and slags, the composition of the atmosphere is probably 
more important than the temperature but the latter cannot be 
neglected. Their effects cannot be definitely determined by the 
determination of the fusion temperatures as, independent of the 
former history of the material or of the atmosphere in the fusion 
furnace, the cone may have to be heated high enough so that the 
temperature reduces the iron. 

As the authors have concluded, further research is needed. 
To determine definitely the effect of atmosphere and tempera- 
ture, the ferric and ferrous iron should be determined in samples 
of slags which had been heated to various temperatures in 
various atmospheres long enough to attain equilibrium and then 
quenched to maintain the iron in the state to which they had 
been brought. 
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J. E. Topry.'* Ash has always been the chief mischief-maker 
in the burning of coal on both stokers and pulverizers. Troubles 
from the other properties of coal have gradually been solved. 
While splendid progress has been made with ash, this has been 
partially offset by new critical conditions arising from the in- 
crease in boiler pressures and temperatures. The authors have 
forged another great link in the chain of priceless contributions 
Mr. Bailey has made in the solution of combustion problems. 
As indicated in the paper, the major importance of iron in ash 
and slag must be recognized and provisions made to do more ex- 
haustive research on the problem in both plant and laboratory. 
Recent work by Bailey and Nicholls on ash properties furnish an 
excellent springboard from which to launch a comprehensive re- 
search program. It is believed that the interested technical 
groups should immediately set in motion the necessary machinery 
to carry through such a program. 


AurTHors’ CLOSURE 


The authors wish to express their thanks for the several 
discussions offered on this paper and for the active interest shown 
in further investigation of the behavior and influence of ash and 
slag. They acknowledge the many limitations in the data pre- 
sented on a subject of such complexity and agree with Dr. Field- 
ner that, for ultimate solution, the problem must be resolved into 
its fundamentals. This will require the efforts of many investi- 
gators along different but coordinated lines. 

The work of the Bureau of Mines on slag viscosities with rela- 
tion to the phase of tapping, and of Gould, Brunjes, and others, 
as cited’ by Mr. Julsrud, in regard to the effects of separable con- 
stituents of the ash at its source, are examples of great impor- 
tance. In the meantime, much practical value may be gained 
from a more complete recognition of such over-all gross character- 
istics as can be determined from simple established tests, and from 
a study of their relation to conditions existing in the operating 
boiler furnace. 

Prof. Estep has brought out one point which we wish to clarify 
at once by stating that all of the authors’ slag samples, referred 
to in the paper, were taken from furnace or boiler heating sur- 
faces and not from the thermal probe. A great many probe 
samples have of course been obtained, and have yielded data of 
rather special interest but, in the present discussion, the data are 
restricted to furnace or tube-bank samples. In procuring the 
samples, care was taken to prevent contamination, by using stain- 
less-steel tools that were cooled intermittently by dipping them 
in water. The condition of these tools over extended periods of 
use indicates a negligible deterioration. 

Laboratory fusion tests were made with standard-cone speci- 
mens heated in a gas-fired muffle furnace. For the “reducing 
condition,” A.S.T.M. specifications were followed, by which a 
reducing atmosphere was maintained through the use of an excess 
of fuel gas, as evidenced by yellowish flame extending from the 
Opening in the cover of the furnace for a distance of 6 to 7 in. 
The “oxidizing condition” was produced in the same furnace by 
using an excess of combustion air, controlled by means of orifices 
installed in the gas and air lines supplying the burner. Orsat 
analyses of gases within the cone chamber have shown the 
following composition: 


COs, Oz, Co, 
per cent per cent per cent 
Reducing condition....... 8.2 to 10 0 2to 4.8 
Oxidizing condition....... 10.0 to 11 1.6 to 2.8 0 


The final state of oxidation of the fused-cone sample, as checked 


«a 
19 Vice-President in Charge of Engineering, Appalachian Coals, 
Inc., Cincinnati, Ohio. Mem. A.S.M.E. 
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in one case, after being specially mounted on a platinum plaque, 
was found to be: 


Fusing temperatures 


Total Reducing Oxidizing 
Ferric iron atmos- atmos- 
percent- (as Fe), phere, phere, 
age per cent deg F deg F 
2000 2380 
Original slag sample... 60.4 25.3 2110 2490 
2360 2610 
Fused in reducing at- 
mosphere at 2360 F 4.6 
Fused in oxidizing at- 
mosphere at 2610 F 73.0 


It is realized that some variation in test-furnace control, and 
its influence upon the final state of the sample, may add materially 
to the scattering of points in Figs. 5 and 6 of the paper, in addition 
to the effects of undetermined fluxes such as lime and magnesia, 
as mentioned by Mr. Nicholls. Dr. Fieldner’s suggestion of es- 
tablishing an A.S.T.M. standardized procedure for tests in the 
oxidizing condition is appropriate and is greatly needed. 

The rather startling comparisons cited by Mr. Powell, in Table 
2 of his discussion, may find a partial explanation in the early in- 
vestigations of Dr. Fieldner, reference (1), where atmospheres of 
CO and CO; (and H; and H,O) were used in various proportions. 
Higher softening temperatures were observed for the 100 per 
cent CO or the 100 per cent CO, atmospheres than for interme- 
diate proportions of mixture, and this was attributed, respec- 
tively, to a predominance of metallic iron, ferric iron, and ferrous 
iron, as shown by final analysis of the samples. 

The comparison of Mr. Powell’s samples C and D, and of these 
with samples A and B is not at all clear, and it would be interest- 
ing to know the further composition of the ash, and whether these 
results are confirmed by duplicate test. It has been pointed out 
by Reid? that extremely low concentrations of oxygen, in an 
otherwise neutral atmosphere of unpurified nitrogen are nearly 
as effective as air in oxidizing molten slag. It may be possible 
that sample C would be found as high in ferric percentage as 
sample D, but there is still no apparent explanation for their re- 
lation to samples A and B. 

By a somewhat opposite process, the softening temperatures of 
different ash samples, mentioned by Mr. Sherman, would tend to 
be similar to one another in spite of initially different ferric per- 
centages, because of the reducing action of the test furnace when 
run according to A.S.T.M. specifications. 

We are in complete agreement with Mr. Nicholls’ recommenda- 
tion of using the term “ferric percentage” instead of the authors’ 
“per cent oxidation,’’ for reasons which he mentions. This term 
becomes practical as an inverse index of the fluxing power, on the 
consideration that the content of metallic iron is usually negligible. 
We believe, however, that the expression for total iron content, 
and percentages of its oxide forms, is more readily grasped in 
terms of elemental Fe. 

In the determination of iron forms, it is important that analy- 
sis methods be developed for identifying all forms individually. 
Digesting in HCl, or in H,SO, and HF solutions has in some cases 
failed to dissolve more than 30 per cent of the total iron in the 
slag and, if the state of the undissolved portion is accepted, by 
difference, as being Fe,O; the resulting value of ferric percentage 
may be considerably misleading. 

In the paper, the presentation of data from laboratory work 
stressed the contrast between oxidizing and reducing atmospheres 
because that was the only controllable change in test procedure. 
It was not intended to imply that the atmosphere was the only 


20 “Control of Forms of Iron in the Determination of Fusion Tem- 
peratures of Coal Ash,’’ by W. T. Reid, Industrial and Engineering 
Chemistry, Analytical edition, vol. 7, 1935, pp. 335-338. 
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factor influencing the ferric percentages as found in the ash and 
slag accumulating in different parts of the boiler furnace. Tem- 
_) perature undoubtedly has an important bearing, as mentioned by 
Messrs. Sherman, Nicholls, and Estep, and both effects may be 
- modified by the time interval in which they are active. 

Considering, however, that the principal source of iron from 
the coal ash is in the form of pyrites (FeS:), it is apparent that the 
ferrous, or lower state of oxidation, may first be produced in the 
_ presence of heat and limited reaction with oxygen. 


FeS, + heat + O. = 
We FeS + 3 Oz 


Fes + SO, 
2 FEO + 2 SO, 


_ This being the more stable form, at the higher temperatures of 
_ combustion, it is extremely probable that ferric iron can occur 
only after further oxidation takes place at a later stage of the 
-’ process, where lower temperatures are conducive to its stability. 

In other words, the higher furnace temperatures prevail where 


' there is also a prevalence of free carbon and other reducing agents 


(such as hydrocarbons, CO, and Hz). These are intimately asso- 
ciated with the ash as it is released from the fuel particle. Al- 
, though ample free oxygen is present in the primary burning zone, 
) its reaction with the ash or slag particle is retarded by the shield- 
ing or the preferential oxidation of the combustible fractions. As 
the burning fuel passes on through the furnace, radiating heat 
to the furnace walls, the temperature decreases simultaneously with 
the diminishing or disappearance of the reducing agents, and a 
very small concentration of unused oxygen will then serve to 
convert the ferrous oxide to ferric oxide, as by the reaction: 


4 FeO + O,. = 2 Fe,0; 
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For the present it is conceded that both temperature and at- 
mosphere (or carbon) are factors affecting the ferric percentage, 
but that they tend to vary simultaneously, and in a mutually. 
assisting direction in a water-cooled boiler furnace. The higher 
temperatures in the initial stage may be considered as inhibiting 
complete oxidation of the iron, with progressive steps taking place 
from FeS; to FeO to Fe.O; as the reducing action and tempera- 
ture are decreased. 

The relative importance of temperature and kind of atmos- 
phere or presence of carbon remain to be established from fur- 
ther experiment, but it is doubtful if, in an operating furnace, any 
appreciable reduction takes place in a direction from the ferric to 
the ferrous condition. 

The curves from Mr. Nicholls’ Fig. 12 of reference (5), as cited 
by Prof. Estep, may be interpreted from a point of view that is re- 
versed from the procedure of his tests, namely, that a slag of low 
initial ferric percentage, which is formed under conditions of high 
temperature, may remain low in ferric percentage until its tem- 
perature is sufficiently lowered to permit further oxidation. This 
is consistent with the findings of Mr. Sherman in his analyses of 
slag from the sampling tube and from the inner and outer por- 
tions of the boiler-tube samples, and is particularly significant in 
regard to the tap slag of Figs. 1 and 2 of the paper, where flame 
direction causes a direct delivery of ash and slag particles to the 
floor, with the presence of some carbon, and a maintenance of 
high slag temperatures. 

In conclusion, the authors again wish to urge a greater appre- 
ciation of these important and potentially controllable proper- 
ties of ash and slag in the interpretation of furnace design, opera- 
tion, and coal selection, and to urge renewed activity in the study 
and coordination of research and practical experience. 


Flow Processes in 


Underfeed Stokers 


By MARTIN A. MAYERS,! PITTSBURGH, PA. 


This paper is devoted to a consideration of the types of 
flow of materials in underfeed multiple-retort stokers. 
Such flow studies include solids such as the fuel and ashy 
refuse; gases, such as air and the products of combustion; 
and heat, especially that portion which recirculates within 
the bed and leads to preparation and ignition of the fuel. 
The types of flow have a definite bearing on the mainte- 
nance of the fixed pattern in the fuel bed which has been ob- 
served at each tuyére stack and the adjacent retort. From 
the data compiled, the author develops the features which 
would be possessed by a stoker designed for much higher 
duty than any now in existence, and analyzes the possible 
results to be attained. 


OMBUSTION in fuel beds, though it has been practiced 
as an art for many years is, even today, scarcely under- 
stood; only recently has it become the subject of experi- 

mental investigation. The work of Kreisinger (1)? and his asso- 
ciates, reported in 1916, was perhaps the first attempt at a scien- 
tific approach to the elucidation of the mechanism. The re- 
sults showed that, in ignited fuel, the air passing up through the 
bed first attacked the fuel by an over-all reaction resulting in the 
complete combustion of carbon to CO2, which subsequently at- 
tacked additional carbon in higher levels of the bed, producing 
carbon monoxide with the absorption of a portion of the heat 
first liberated. It should be noted at this point that these over- 
all processes need not be determined by the so-called primary 
reactions of oxidation (2). Even though a considerable portion 
of the oxygen reacting initially with pure carbon goes to the 
monoxide rather than to the dioxide, the monoxide would be 
burned to the completely oxidized form before it had diffused 
out into the gas stream far enough to be caught by the sampling 
tubes in such large-scale experiments. The order in which these 
reactions occur in ignited beds, as shown by Kreisinger and as- 
sociates, has been amply confirmed by repetitions of their work 
with many different fuels both here (3) and abroad (4, 5, 6, 7). 

This work also showed that, in fuel beds which are more than 
a few inches deep, the rate of burning is proportional to the rate 
of air flow, a fact which is constantly used by engineers in the 
control of power boilers. That this must be so follows from the 
relative speeds of the combustion reactions with oxygen and 
carbon dioxide; in fact, the ratio between the weight of fuel 
burned by a stream of air passing through it and the stream 
velocity is a function of the fuel-bed depth given by an expression 
(8) approximating (1 — e~*) for large values of x. 

Fig. 1 shows that the great change in the function occurs for 
very small values of z, corresponding to fuel-bed depths of 1 to 
3in.; for larger values, the ratio increases continually but very 
slowly. 

After these classical investigations, there was little novelty in 
the experiments performed until 1934, when Nicholls and Eilers 


1 Coal Research Laboratory, Carnegie Institute of Technology. 
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(9) presented their paper on ignition by underfeed action. The 
new data did not conflict at all with the results of Kreisinger 
but, in so far as they covered the same region, confirmed them. 
The novelty in these results lay in the light they shed on the proc- 
esses of ignition of fresh fuel entering the fire. In pure under- 
feed burning, as set up in these experiments, a deep fuel bed 
through which air is forced at controlled rates is ignited at the 
top and allowed to burn down, which is, obviously, equivalent to 
forcing fuel upward into a stationary fuel bed. It was found that 
only under certain conditions could the plane at which ignition 
occurred work its way down through the bed. At low air-flow 
rates the rate at which the plane of ignition advanced increased 
very rapidly; more rapidly, indeed, than did the rate of burning 
which, as previously indicated, was merely proportional to the 
air-flow rate. However, as shown in Fig. 2, as the air-flow rate 
increased still further, the rate of ignition could not maintain its 
advantage over the rate of burning and was finally overtaken. 
Beyond this point, the junction of the curve and the straight line 
in the figure, burning could take place only as fast as the fuel was 
ignited, so that the burning rate fell off from the straight line 
representing the burning rate of ignited fuel, and eventually 
reached zero along the downward course of the curve representing 
the ignition rate. 
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This behavior is so curious that it almost explained itself. It 
was not long before it was shown that a mathematical analysis of 
heat flow in a conducting bed (8) could explain the results ob- 
served, and permitted calculating rates of ignition (10) which 
agreed reasonably well with those measured in Nicholls’ experi- 
ments, as shown in Fig. 3. The calculation is based on the con- 
cept that the heat radiated among neighboring particles within 
the fuel bed obeys the laws of thermal conduction in flowing in 
the direction of decreasing temperature. Thus, heat will flow 
from the hottest part of the bed, which is only a short distance 
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above the plane of ignition, down toward the unignited fuel. A 
portion of this heat is picked up from the fuel by the air for com- 
bustion flowing up through the unignited fuel. As long as the 
air-flow rate is small, more heat may be conducted downward 
than is carried back again by the air, and the unignited fuel will 
rise in temperature at a rate depending upon the magnitude of 
this excess. The data indicate that the amount of heat conducted 
down into the unignited fuel increases very rapidly at low air- 
flow rates, but then reaches a nearly constant value so that, as 
the flow of air increases, it returns more and more of this heat 
to the burning zone. Thus, the rate of ignition must fall off, just 
as shown in Nicholls’ experiments. 

This mechanism is readily applied to the ignition process on 
chain-grate stokers; in fact, testing devices, similar in principle 
to the experimental apparatus used by Nicholls, have been de- 
veloped abroad (11, 12, 18) to predict their performance with 
different fuels. It could not, however, account for the behavior 
of fuel beds in multiple-retort underfeed stokers. In the first 
place, higher rates of burning have been observed on such stokers 
than the maximum rates of ignition observed in the experimental 
apparatus. Since the fuel was burned, it must previously have 
been ignited, so it appeared that the underfeed stoker can ignite 
fuel faster than it could be done in pure underfeed burning. Fur- 
thermore, it is common knowledge among combustion engineers 
that unconsumed air could pass through the fuel beds of underfeed 
stokers under certain conditions of operation. If these beds, 
which might be 1 to 3 ft deep, had the same character as those 
occurring in the experimental fires, either pure underfeed, or 
overfeed as in Kreisinger’s work, it would be utterly impossible 
for unconsumed oxygen to pass through them, since all the 
oxygen in the air disappears at levels not more than 6 in. above 
the plane of ignition. 
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More recent investigations have been undertaken to show the 
sources of some of these apparent discrepancies. They arise 
from our failure, until recently, to appreciate or understand the 
actual geometry of the fuel bed in underfeed stokers. A recent 
investigation (14) has, however, shown that the structure of the 
fuel bed in such stokers is quite different from the ideas current 
among engineers; it shows that the bed is made up of a multi- 
plicity of similar units associated with each tuyére stack and the 
adjacent retort, and that conditions along each such unit do not 
change qualitatively from the head end of the stoker to the exten- 
sion grate. The present paper is devoted to consideration of the 
types of flow of materials; solid, as the fuel and the ashy refuse; 
gaseous, as air and the products of combustion; and heat, es- 
pecially that portion of it which recirculates within the bed and 
leads to preparation and ignition of the fuel, which takes 
place in such a way as to maintain the fixed pattern observed in 
such beds. 


SPRUCTURE OF THE FuEL Brep 


A cross section through a portion of the bed of an underfeed 
stoker is shown in Fig. 4, while Figs. 5 and 6 show similar sections 
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on which are developed contours of equal temperature and of 
constant gas composition. The outstanding characteristics of 
the structure are as follows: The center of the retort contains 
green coal, extending almost the full height of the bed, with only 
a thin skin of coke on top of it. This coal is confined within walls 
of semicoke and coke, which border and confine the burning 
lanes directly above the tuyére stacks. The high temperatures 
generated in the burning lanes cause the formation of shrinkage 
cracks in the coke walls so that the agitation of the bed by the 
motion of the stoker breaks off portions of the now fully car- 
bonized walls. These particles fall down into the burning lanes, 
producing a more or less well-defined fuel bed in the burning lane, 
the height of which is less than that of the fuel in the retort. 
Through this fuel bed, the main portion of the air stream flows 
upward. Since the fuel has already been heated to a sufficiently 
high temperature, the air is consumed by combustion, releasing 
energy. 

Such cross sections as these are repeated across the stoker as 
many times as there are retorts; the sections at different longi- 
tudinal positions differ from that shown here, which was observed 
at about the middle of the stoker, only quantitatively, not in 
kind. Thus, at the head end of the stoker, the coke walls are 
thinner, and may be closer to the center line of the burning lane, 
producing a narrower lane; while at the tail of the stoker, the 
coke walls are thicker, and should, if the stoker is being correctly 
operated, have penetrated to the center line of the retort so that 
all the coal is coked. 
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Gas AND Arr FLtow 


As mentioned, the main part of the primary-air stream flows 
from the tuyéres up through the bed of broken coke at the bottom 
of the burning lane. During this passage it is consumed by the 
burning of the coke so that its oxygen content usually drops 
practically to zero at distances of 3 to 5 in. above the tuyéres. 
If the bed in the lane is much deeper than that, considerable per- 
centages of carbon monoxide may appear in the gases leaving 
the lane. On the other hand, there may be places within the lane 
where the coke bed has not been replenished at the proper rate, 
so that unconsumed oxygen may, at these points, pass entirely 
through the bed and out into the furnace. In general, the oxygen 
concentration at any level may vary within rather wide limits, as 
shown in Fig. 7, depending upon the stream velocity of the fila- 
ment of flow from which the sample is taken, and the proximity 
of coke surfaces, but the average analysis tends to follow the 
pattern just described. 

A relatively small portion of the primary-air stream passes 
under the bottom of the coke wall, which defines the burning 
lane, into the retort, and flows through it at low velocity be- 
cause of the high resistance to flow caused by the dense packing 
of the small coal in this region. This air may return to the main 
stream passing up through the burning lane near the top, or it 
may pass out through the top surface of the coal in the retort 
into the furnace. In either case, it will carry with it the tar 
vapor and gases released by the coal being carbonized in the walls 
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of the lane. That this air has been within the combustion zone 
for only 1 in. or so is shown by the analysis of gas from the re-~ 
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torts at points inside the envelope of semicoke. It contains 
small concentrations of carbon dioxide, corresponding to that 
at levels of 1/2 to 1 in. above the tuyéres, and increasing concen- 
trations of hydrogen and methane as the coking zone is ap- 
proached. At yet higher levels in the retort, the carbon dioxide 
and monoxide also increase, while the oxygen decreases, until 
the skin of coke at the top of the retort is penetrated, when, in 
many cases the oxygen concentration again increases while the 
combustible constituents tend to disappear. This indicates that 
there may be a layer of comparatively cold stagnant air lying on 
top of the retorts, which is only slowly aspirated into the main 
gas stream rising from the burning lanes. Additional evidence 
of the existence of this phenomenon will be apparent later. 

Some of the air, carrying products of combustion from the 
retort, may pass into the burning lane at levels below the top of 
the retort through shrinkage cracks in the coke and semicoke 
walls. Such shrinkage cracks are likely to be much deeper and 
more open in these walls than they are in coke formed in a by- 
product oven, because of the higher temperatures to which the 
walls are exposed, and the agitating action of the feeding mecha- 
nism. Thus, there may be quite free passage, at some levels, 
from the retorts out to the open space in the top of the burning 
lane. The entrance of this gas mixture into the burning lane is 
marked by the appearance of an increase in the concentration of 
the constituents hydrogen and methane in the gas, and a simul- 
taneous increase in the concentration of oxygen. The combus- 
tible gases, both those brought by the air from the retort, and 
the carbon monoxide from the gasification that took place in the 
lower parts of the burning lane where a continuous fuel bed 
existed, combine rapidly with the available oxygen. The result- 
ing gas flame, in the protection of the burning-lane walls, results 
in the highest temperatures observed in the bed, observations of 
3000 F and even higher being not uncommon. In general, even 
with the air entering from the retort, there is insufficient oxygen 
completely to burn out the combustible gases issuing from the 
top of the burning lane. But, as the gases leave the lane, the 
oxygen concentration again increases, as shown in Fig. 7 for 
levels 9 to 11 in. above the tuyéres. This also supports the con- 
clusion that there is a rather stagnant layer of relatively cool 
unconsumed air above the retorts which is slowly aspirated into the 
jets rising from the burning lanes. 

Visual evidence of the existence of this stagnant zone above 
the retorts appeared during tests of high-volatile coal in the 
work (14) referred to. During some of the preliminary runs with 
this coal, the boiler was brought off bank to a comparatively 
high load rather rapidly, so that about 50 per cent of the maxi- 
mum rating (75 per cent of the test rating) was obtained before 
the furnace walls reached their normal temperature. At this 
time, clouds of smoke came out of the top of the retorts, but did 
not ignite as they did later on when the walls were hot. These 
clouds did not flow rapidly; they appeared to ooze out, and to 
roll slowly downward along the top of the retort. The ends 
gradually approached the stream rising from the burning lane, 
into which they were sucked and dispersed. Thus, the flow above 
the retorts must have been very slow; it had a negligible upward 
component, but was mainly along the top of the retort, length- 
wise of the stoker. Evidently, the gas velocity distribution in 
the vertical direction shows marked discontinuities in the fur- 
nace just above the fuel bed; high values exist in the jets rising 
from the burning lanes, with relatively small upward velocities 
in the spaces between. A vector plot of gas velocities at the level 
of the top of the bed would look like a comb, with teeth pointing 
upward above each burning lane. The jets spread, as has been 
shown for other types of jét, with increasing distance from the 
level of the bed, and gradually entrain the gases from the space 
above the retorts. If cold secondary air is admitted to the fur- 
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nace at low velocity, it will fall down on the retorts because of its 
high density and blanket them, only slowly being drawn into the 
main stream of combustion gases where it is needed. Thus, the 
need for very high pressures in the secondary-air jets is demon- 
strated, for only if sufficient velocity is supplied will the jets carry 
through the furnace and produce adequate mixing of the high- 
velocity streams from the burning lanes and the relatively stag- 
nant gas above the retorts. 

In its passage through the fuel bed at the bottom of the burning 
lane, the air and combustion gas obey laws similar to those ob- 
served for flow of cold gas through beds of broken solids (15, 16). 
The pressure drop of the gas is proportional to the height of the 
bed traversed, i.e., the pressure gradient is practically constant 
over a considerable portion of the height of the bed. This is the 
normal behavior of a stream of fluid passing through a uniformly 
packed passage of constant cross section. Moreover, the pressure 
gradient is proportional to a power of the rate of gas flow slightly 
greater than 2. While the exponent observed in the Hell Gate 
tests 2.1 is somewhat greater than has been observed in closely 
controlled experiments at normal temperatures, this discrepancy 
may be accounted for by the relatively few data from which it 
was determined, by probable inaccuracies in the data inseparable 
from plant-scale testing, by a possible temperature effect on tur- 
bulent flow through such beds not now recognized because of the 
lack of data for such high-temperature zones, or, by an effect due 
to the expansion and contraction of the gas caused by the violent 
changes in temperature during its passage through the burning 
zone. 

Since the gas flow appears to obey the laws previously found by 
investigations on cool fluids not undergoing reaction, it is prob- 
ably permissible to turn to these investigations for other informa- 
tion concerning flow phenomena in fuel beds. These experiments 
show that for small flow velocities, a bed of broken solids acts 
like a pipe, tube, or other resistance to flow. For very small 
flows, the streaming is viscous, and the resistance to flow in- 
creases as the first power of the mass velocity. Beyond a rather 
well-defined critical point, flow enters the turbulent regime, when 
the resistance increases with a power of the velocity (15) some- 
what less than 2. This continues up to the point when the 
pressure gradient through the bed approaches in value the bulk 
density of the bed reduced to the same element of volume. That 
is, for a bed of coke, whose bulk density may be 36 lb per cu ft, 
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the limiting pressure gradient will be Goat 0.0209 psi per in. of 
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column per ft of bed depth. 

When this critical flow is reached, the bed is, on the average, 
supported by a force equal to its own weight, so that it becomes 
loose, almost fluid, and the interlocking of neighboring pieces, 
which gave it its character as a pure resistance, is reduced (16). 
If the air-flow rate is increased slightly beyond this point, the 
bed maintains its general form, but becomes capable of great ex- 
tension in the direction of flow; any slight disturbance, however, 
or a slight further increase in flow is sufficient to disrupt it en- 
tirely so that the bed is completely blown away. The last phe- 
nomenon is, of course, known to every fuel engineer; it has not, 
however, been generally recognized that the point at which it 
oceurs is so definitely fixed by the fundamental properties of the 
bed as an interlocking aggregate of particles. 

Carman (15) has shown that the resistance to flow through a 
bed of broken solids can be estimated if the void volume and the 
specific surface of the bed are known. These properties can be 
measured (17, 18) or estimated from the size analysis (19). 
Fig. 8 shows the resistance to air flow in the turbulent regime for 
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beds with two different values of void volume and specific sur- 
face. The asterisks indicate the points at which instability would 
be reached. That the air rate at which this occurs is greatly 
affected by the character of the coke of which the bed is made 
is not of merely academic interest. In the Hell Gate tests, the 
air rate corresponding to an average burning rate of about 35 
Ib of coal per sq ft per hr was calculated to be about 1100 lb per 
sq ft per hr when referred to the air-admitting surface of the 
stoker. However, as shown in Fig. 4, the width of the burning 
lane was seldom as great as the width of the tuyéres, so that the 
air-flow velocity in the lanes might be anywhere from 11/, to 3 
times as great as the air rate referred to the entire air-admission 
surface. Evidently, encroachment of the coke walls of the burn- 
ing lane on the space above the tuyeres is likely to lead to con- 
ditions of instability and should be prevented by provision of 
ample means for breaking them down. 

In the neighborhood of the critical flow, when the bed is in the 
condition designated as ‘just moving,’ it has some remarkable 
properties, which are used, for example, in advanced German de- 
signs of gas producers (20). Particles of different densities are 
segregated in such a bed; if the particles are lighter than those of 
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(Line 1 refers to a bed of coke having the size distribution described by. line 
2 of Fig. 10; line 2 to that described by line 3 of Fig. 10. Asterisks indi- 
cate upper limits of stability.) 


the bed, they float out on top, while if they are heavier, they sink 
to the bottom. Thus, if a fuel bed could be operated stably at 
this point, it would automatically allow the ash to fall through 
the bed into the coolest regions where there would be little or no 
danger of slagging. Moreover, such a bed, which is most stable 
when operated with an intermittent blast of air (21), as in coal- 
cleaning tables, has the property of healing itself, that is, if 
channeling begins at any point in the bed, instead of the air 
flow being disturbed in such a way as to make conditions worse, 
the bed is so fluid that it immediately flows over the incipient 
channel and stabilizes the flow resistance. This, obviously, would 
be a desirable characteristic to obtain in a fuel bed. It seems 
likely that apparatus designed to employ a bed in the “just 
moving” condition would surmount several of the disadvantages 
now faced by grate firing of solid fuels. 

If full use is made of air, flowing at velocities close to the 
critical by provision of a bed of adequate depth, the attainable 
burning rates would be much greater than are now possible. 
This is shown by the values of combustion rate equivalent to 
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TABLE 1 CALCULATED DEPENDENCE OF COMBUSTION RATE 
ON DEPTH OF FUEL BED AND AIR FLOW 


————————_Combustion rates 
Referred to air-admission , 
a are < Referred to total area,b 
per sq ft per hr lb per sq ft per hr 
CO at top of bed, per 7 


CONU is ersteetea tore a eye: 0 15 30 0 15 30 
Approximate fuel bed 
Goat none adeeodn <a 4.4 TS 
Air rates, lb per 
sq ft per hr 
150 13.0 18.0 23.9 6.2 8.6 11.4 
1000 86.6 120 159 Ala 57.1 75.6 
3000 260 360 479 124 171 224 


@ Rate of burning of combustible in coke, assumed to be carbon. 

+’ Assuming ratio of tuyére stack area to total area corresponds to tuyére 
width of 10 in., retort width 11 in. 

¢ For a typical high-temperature coke burned at an air rate of 150 lb per 
sq ft per hr, but not in proportion to the air rate. 


various air-flow rates calculated in Table 1. Those in columns 
2, 3, and 4 are the rates calculated for 0, 15, and 30 per cent car- 
bon monoxide in the issuing gas, referred to the air-admission 
or burning-lane area; while those in columns 5, 6, and 7 are re- 
ferred to the projected stoker area, on the assumption that the 
proportions of airadmission to projected area are approximately 
the same as in the Hell Gate stokers. It is evident that material 
increases in rating could be obtained if we could be assured that 
an unstable condition, due to encroachment of the coke walls on 
the burning lane, could be avoided. 
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The flow of coal in the stoker takes place almost entirely in the 
retorts and in the walls of the burning lanes. There is practically 
no motion either lengthwise or crosswise of the stoker in the burn- 
ing lanes. This was shown by the fact that porcelain probes in- 
serted into the burning lanes could remain in position almost in- 
definitely without being subjected to severe transverse stresses. 
On the other hand, when such probes were inserted into the re- 
torts through holes in the secondary rams, they were broken off 
during the return stroke of the ram at every stroke. 

The retort performs a double function. In the first place, it has 
the obvious function of distributing coal to the entire length of the 
stoker. Coal which enters the retort near its top rises close to 
the front wall and is delivered to the burning lane at the head end 
of the stoker. Coal which enters at the bottom of the retort 
passes well down the stoker before being delivered to the burning 
lane and, in fact, in existing stokers may be forced straight out 
onto the overfeed section without ever having reached the burn- 
ing lanes over the tuyére rows. The distribution is effected by 
the longitudinal flow of the coal which takes place at relatively 
high velocity, speeds of the order of 2.5 fph. 

The second function of the retort is to coke the green coal and 
prepare it for smokeless burning above the tuyére stacks, This 
process takes place because the retort produces a transverse com- 
ponent of flow of coal which has risen above the level of the 
tuyéres, causing it to flow toward and through the coke walls 
which border the burning lane. In this passage the coal is car- 
bonized so that it is delivered to the burning lane as coke. The 
magnitude of this transverse component of velocity was about 
0.75 fph in the stoker tested at Hell Gate, a value obtained from 
speeded-up motion pictures made as a part of the tests. The 
magnitude of this component may also be calculated from the 
load and the dimensions of the fuel bed, since it is obvious that 
coal can be burned on the tuyére stacks only as fast as it is de- 
livered to the stacks by the retorts as a result of this transverse 
flow. Hence, it follows that fuel must flow across the boundary 
of the burning lane at the same rate as it is burned on the stack. 
Knowing the rate of burning from the load and the dimensions of 
the tuyére stacks, it is evident that the average flow across the 
boundary between retort and burning lane must be equal to the 
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rate of burning per foot of length of tuyére stack, divided by the 
depth of the fuel bed over the burning lane, i.e., the height of 
that boundary. An average value of the last-mentioned quantity 
representing the entire fuel bed cannot be estimated accurately, 
but Table 2 shows that the calculated values are comparable with 
those estimated from the motion pictures. 

The transverse motion of the fuel from the retort toward the 
center line of the tuyére stack is terminated when the fuel mass 
breaks off from the wall of the burning lane. Such detached 
masses then fall vertically downward into the lane and help to 
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form the continuous bed of discrete particles which exists at the 
bottom of the lane. On the burning lane itself the motion of the 
fuel is downward, just as in any other overfeed bed and, just as 
in an overfeed bed, the size of the particles decreases as they fall 
lower in the bed. 

At this point a mysterious situation exists. Eventually prac- 
tically all of the fuel is burned out and at the bottom of the bed 
ash will be collected, perhaps in a dry, powdery form if the cool- 
ing effect of the air is great enough, or perhaps as small clinkers. 
Somehow or other a large portion of this ash gets down to the ash- 
pit, but so far the path by which it reaches that destination has 
not been discovered. During the Hell Gate tests, it was some- 
times found that a layer of ash existed along the tops of the 
tuyéres. When this occurred, opening the guide tubes preparatory 
to inserting a probe was followed by a shower of ash blown down 
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through the tubes, but in an equal number of cases no ash came 
down and the probes read high temperatures right at the level 
of the tuyéres. Is the agitation of the incoming air sufficient to 
cause the ash to flow along the slope of the tuyére stacks down 
to the ashpit? This seems hardly likely and yet the only other 
alternative, that all of the ash is blown up through the burning 
lane and then dropped out of the air stream when it slows down 
in the furnace, seems still more unlikely. Thus, there remains a 
hiatus in our knowledge of the flow of solid materials in the fuel 
bed. 

The flow of the fuel during its distribution, coking, and burning 
is represented in Fig. 9, which shows a perspective view of the 
stoker and approximate lines of travel of representative portions 
of the fuel. This representation is, of course, not exact or com- 
plete but represents a first estimate of how coal flows into the 
fire in a multiple-retort underfeed stoker. 

The multiple function of the retort may be responsible for 
some of the instability of stoker fuel beds. The rate of air flow 
through a bed at which instability sets in is greater the smaller the 
specific surface of the fuel, i.e., the more uniform in size are the 
particles which make up the bed, and the larger their size. Now, 
it has been found that, when coke is broken by impact, as in the 
shatter test, its size distribution may be plotted on probability 
coordinates, as in Fig. 10 (line 1). The slope and mean size of 
this distribution are characteristic of the coal and of the tem- 
perature of carbonization. This is the kind of size distribution 


3 t 
| Size oF Coxe, 
AFTER SHATTER TEST 

2 4 

n 

wil 

Ir 4 

(3) 

z 
° 

oO 

Zz 

Zz 

w 

aa 

° 

S 

w3 —t 

yn SiZE OF Cone 

On Wrarr 

2 
1 
1°) 


\ 5 10 20 40 60 80 9 95 99 999 
PERCENT REMAINING ON 
Fie. 10 Coxks-Size Distrinutions Piorrep To PROBABILITY 
CooRDINATES 


(Line 1, size of coke after shatter test. Line 2, size of coke discharged from 
a by-product coke oven. Line 3, size of coke made from same coal as dis- 
charged from a continuous vertical retort.) 


RETORT TUYERES TORT 


PLAN 


BURNING 


Vices TOP OF FUEL TOP OF FUEL 


' 
TOP OF TUYERES 


Ee a Bipiae ees 
<<" | 


SECTION A-A 


SIDE ELEVATION 


LINES OF TRAVEL OF REPRESENTATIVE FUEL PARTICLES 


Fic. 9 DrIaAGRAMMATIC REPRESENTATIONS OF RATE AND Directions oF Fur, FLow 1n Sroxer Fur. Bups 


ES ——— 


MAYERS—FLOW PROCESSES IN UNDERFEED STOKERS 


that is also found in coke discharged from by-product coke ovens, 
as shown by line 2 in Fig. 10. When, however, the same coal is 
coked at about the same temperature in continuous vertical re- 
torts, in which the coke is severely abraded during formation, the 
size distribution of the coke produced is that given as line 3. It 
is evident that a larger proportion of fine sizes is produced than 
corresponds to impact breakage. A fuel bed formed of the coke 
represented by line 3 has a much lower limit of instability than 
one formed of that represented by line 2 and would produce a 
much larger proportion of fly coke. This is shown in Fig. 8, 
where line 1 represents coke 2 and line 2 represents coke 3. 

It can be readily seen that the superposition of a large longi- 
tudinal component on the flow of coal in the retort may produce 
abrasive action resulting in a yield of coke whose size distribution 
is more like that represented by line 3 than that represented by 
line 2, thus limiting the rate of air flow through the bed and, 
hence, the rating attainable. Therefore, it may be desirable to 
separate the function of longitudinal distribution from that of 
carbonization and delivery of coke to the burning line, if by so 
doing, it is possible to produce coke having characteristics more 
like that of line 2. Separation of these functions would, in addi- 
tion, permit improved control of the fuel feed to different portions 
of the bed. 
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The flow of heat in a stoker is very complex and has so far de- 
fied exact analysis. We may, however, by drawing on the results 
of several other simpler processes, gain some insight into what 
must take place in the stoker. The principal portion of the heat 
released in the burning lanes remains in the gaseous products of 
the combustion and flows with them out of the burning lanes into 
the furnace and so to the boiler. This portion obviously will be 
distributed at its release from the bed in the same way as the gas 
flow itself is distributed, and will be transferred from the gases to 
cold surfaces according to well-understood laws of radiation- and 
convection-heat transfer. 
tion of the heat released will be transferred by radiation from the 
top of the fuel bed directly to cold surfaces. This portion is 
probably smaller than is usually estimated, since only a very 
limited fraction of the top surface of the bed is at extremely high 
temperatures, e.g., those portions represented by the burning 
lanes. The other 60 to 85 per cent of the fuel bed, i-e., the area 
over the retorts and walls of the burning lane, is at a very much 
lower temperature, probably not above 2200 to 2300 F and so 
radiates at a very much lower rate. It is well known that this 
portion of the fuel bed looks black when observed through a fire 
glass. 

A third portion of the heat released is used to ignite the incom- 
ing fuel and thus recirculates within the fuel bed itself in the same 
way as the heat in preheated air recirculates in the steam-gener- 
ating unit. Most of this heat is conducted through the coke and 
semicoke walls of the burning lane transversely into the green 
coal in the retorts. Thus, its direction of travel is directly 
opposed to the direction of flow of the fuel. In any steadily burn- 
ing fire, this results in setting up a quasi-steady state, in which 
the temperatures at any point either do not change or fluctuate 
within limits about a constant mean value. Under these condi- 
tions just enough heat flows across the walls of the burning lane 
at any point to heat up the fuel flowing out from the retort 
toward the burning lane at that same point to a constant tem- 
perature. 

Taking the retort as a whole, it is evident that at any distance 
from the front wall the conditions of heat flow are similar to those 
in a by-product coke oven at some stage during the process of 
coking the charge. At the head end of the stoker, this stage is 
similar to that immediately after the oven is charged. At the tail 


Another but very much smaller por-, 
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end of the stoker, the condition should be, if the stoker is being 
properly operated, similar to that just before the oven is pushed. 
That is, at the head end of the retort, almost all of the width of 
the retort is filled with green coal, with only a very thin skin of 
coke and semicoke set up at the walls of the burning lane. As 
we progress further from the front wall of the stoker, the coke 
wall increases in thickness, just as in the coke oven it does at 
later times during the coking period, until finally, at the tail 
end, the plastic layers produced in the coking process have met at 
the center of the retort, just as they do at the end of the coking 
period in a by-product coke oven. 

The high rates of ignition, by comparison with those found 
in pure underfeed burning, observed in multiple-retort stokers 
can be understood in the light of this picture. In the first place, 
the ignition surface is not a plane parallel to the plane of the 
stoker, but the sum of all the nearly vertical surfaces which 
separate the semicoke walls of the burning lanes from green 
coal. Thus, the ignition surface may be greater than was pre- 
viously thought. In the second place, there is no flow of air 
through the ignition zone, which was previously shown to return 
conducted heat to the high-temperature region in pure underfeed 
burning, so that all of the heat conducted into coke and green 
coal is available for coking and igniting it. 

The similarity between the stoker retort and the by-product 
coke oven provides a means for calculating the rate of coking in a 
retort and so of controlling it, for a great deal of research has 
been done on this problem in connection with by-product coke 
ovens and the results of such research are immediately applicable 
here. It has long been known that the carbonizing time in coke 
ovens, other factors being held constant, varies as a power of the 
oven width greater than 1. Since the volume of coke produced 
is directly proportional to the oven width, it follows that an in- 
crease in output can be obtained by the use of narrower ovens, a 
fact which is made use of in modern construction. If simple heat 
conduction were responsible for the coking process, the coking 
time would vary as the square of the oven width, but the correla- 
tion by H. H. Lowry, director of the Coal Research Laboratory, 
of data on carbonization in experimental retorts (22), indicates 
that the exponent 1.6 more nearly represents the dependence of 
coking time on oven width. The same exponent appears to apply, 
as well, to many different types of commercial ovens. 

Thus, we are justified in saying that the average rate of coking 
in an oven, hence in a retort, varies inversely as the 1.6 power of 
the retort width, so that the rate of coking per retort varies as the 
inverse 0.6 power of the width. It is evident that, in order to 
secure higher rates of coking with other conditions constant, it 
is necessary to decrease the width of the oven or retort. By the 
use of this principle, a formula can be derived expressing the 
correct proportioning of retort and tuyére widths for any desired 
rates of burning. 


A Heavy-Duty STOKER 


On the basis of the descriptions of flow processes in the stoker 
which have been presented, we may state the features that would 
be possessed by a stoker designed for much higher duty than any 
now in existence. In the first place, such a stoker must have 
narrower retorts than appear in existing stokers. This will make 
possible the preparation and coking of coal at a much higher 
rate than existing stokers can now perform. If the retort width 
were reduced to 25 per cent of that in conventional stokers, coal 
could be coked in each retort at nearly 2.3 times the rate it is now 
done. This would permit the maintenance of deeper fuel beds 
over tuyéres of the same width as now are used, thus raising the 
ratio of active surface to the total area of the stoker and per- 
mitting the average burning rate to approach more closely the 
burning rate referred to the air-admission surface. 
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It is probably essential that the functions of distribution, 
coking, and delivery, now combined in the retort flow, be sepa- 
rated so that the coke supplied to the tuyéres be as nearly uni- 
form in size as possible. As part of this separation of function, 
there must be provided sufficient agitation to eliminate the possi- 
bility that coke walls may expand and constrict the burning lane. 

Furthermore, such a stoker should be supplied with a pulsating 
air blast the maximum flow rate of which is sufficient to produce 
a condition close to that corresponding to instability of the bed. 
Under these conditions, the bed is fluid enough to flow over any 
incipient blowholes, and would allow ash liberated by combus- 
tion to sink through it to be discharged at the bottom of the bed 
in a cool zone. Control of a stoker operated on this principle 
would be secured by varying the portion of its cycle during which 
the flutter valve controlling the pulsation remained open, not on 
variation of the forced-draft pressure. 

Finally, since it is desirable, by the use of a deep fuel bed, to 
require the air injected beneath the stoker to take up as large a 
weight of the solid fuel in the form of combustion gases as it will 
carry and also, since operation at air-flow rates close to full teeter 
will cause a portion of the dust to be carried out of the bed, it will 
be necessary to supply a large proportion of the air for combustion 
as overfire air. Under these conditions we may expect that only 
from 40 to 75 per cent of the air for combustion will be supplied 
as primary air. The remainder will be injected over the fire under 
sufficiently high pressure to enforce good mixing with the stream 
of combustion gases rising from the fuel bed. This secondary air 
may be preheated to as high temperature as may be desirable, 
thus making possible the use of this very flexible method of heat 
recovery in stoker-fired installations. 
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Discussion 


H. F. Lawrence.’ The writer would like to emphasize the 
fact, as stated in the paper, that “conditions along each such 
unit (retort and tuyére) do not change qualitatively from the 
head end of the stoker to the extension grate.”” Many operators 
do not realize that the lower ends of the retorts should contain 
only green coal and that the coking and burning zone should be 
entirely above the top boundary line of the retort. When this 
is understood and the strokes so adjusted as to maintain this 
condition, better results are obtained both in combustion ef- 
ficiency and maintenance. 

The structure of the fuel bed, as shown in Fig. 4 of the paper, 
is, to the writer’s mind, greatly exaggerated. In this connec- 
tion, it might be interesting to consider the inventor’s conception 
of this structure. The patent application of Elwood E. Taylor, 
filed December 26, 1903, describes this structure as follows: 


“In the operation of the stoker, the fuel bodies in the several retorts 
constitute legs of a single fuel bed spreading over the mouths of the 
retorts, this fuel bed burning with the incandescent fuel on top and 
the coking fuel underneath and extending back into the retorts. 
The fuel bed receives its support from the walls of the retorts and, 
owing to the cohesion and arching property of the coking fuel as it 
swells during the coking process and is fed outwardly by the retort 
pushers, the fuel bed is kept substantially free from the twyer faces 
by arching over them. The feed of the ash is a gravity feed down the 
slope of the fuel bed, induced by the outward feed movement of the 
fuel across the plane of the retort mouths.” 


In order to check this, the writer’s company made several 
three-piece tuyéres which could be removed from underneath 
without disturbing the fuel bed above them. These tuyéres 
were removed while the stoker was in normal operation. It was 
found that a perfect arch of coke existed over the tuyéres which 
maintained itself after the tuyéres were removed, very little 
material falling through. 

With reference to the use of secondary air, all of our experi- 
ence and experimental investigations indicate that the maxi- 
mum quantity of secondary air should not exceed 10 per cent of 
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Fic. 11 ARRANGEMENT OF STOKER FOR OBSERVING Various Com- 
BINATIONS OF CoaAL-DISTRIBUTING ELEMENTS 


the total air and, in most instances, this limit is much lower. 

We have tried a number of times to produce large quantities 
of combustible gases to be burned later with secondary air and 
have had no success. It is impossible to make a gas producer 
from the multiple-retort underfeed stoker. 

We agree that secondary air to be most effective should be 
introduced through high-velocity jets. From the author’s 
analysis, it appears that the secondary air would also be more 
effective if introduced at right angles to the retorts. We will 
have an installation operating in the near future with secondary 
air introduced transversely of the retorts and also using high- 
velocity jets. 

For turbulence, we have also used the combustion gases taken 
from one of the rear passes of the boiler. These gases are intro- 
duced through high-velocity jets. Since the oxygen content of 
these gases is low, larger quantities can be used with no increase 
in the total weight of gas discharged. 

Secondary air is used primarily to control smoke emission 
from the stack. In addition to the elimination of smoke, there is 
also more complete combustion of solid carbon in the furnace. 
Slagging of tube surfaces is also decreased. 

We have been studying the flow of fuel through the retort. 
These studies have been made on actual stokers, with windows 
placed so that the movement of the coal in the retort could be 
observed. The object has been to find some method by which 
more coal could be fed through the retort without increasing the 
surface movement of the fuel; in other words, reduce the agita- 
tion of the burning fuel over the tuyéres. 

Various combinations of coal-distributing elements have been 
observed by arranging a stoker of the type illustrated in Fig. 11 
of this discussion, for inspection of the moving coal. The ve- 
locity and direction of flow in the various sections were marked on 
the glass windows and later charted to scale for further analysis. 

The construction eventually decided upon was installed in a 
stoker which was operating on low-volatile bituminous coal. 
The customer desired additional capacity from the unit and the 
change permitted him to operate reliably at a 27 per cent in- 
crease in output. Additional applications of the principle 
demonstrated have indicated improvements with many other 
types of coals. 


D. J. Mossuart.! In the main, the concepts and hypotheses 
constructed by the author parallel and confirm principles which 
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for many years have been recognized and employed in the design 
and operation of stokers. These principles, evolved under 
operating conditions and based on uncounted observations 
made from above and below the fuel bed, have been proved in the 
trial, success, and adoption of designs and methods employing 
them. 

The writer feels that the author’s excellent analysis is worthy of 
objective study by all combustion engineers, and that it is ap- 
propriate to offer certain comment supplementary to it. 

As a preliminary remark, any hypothesis or analysis of a 
combustion process may be more thoroughly understood (or 
safely rejected) if it is constructed in two ways, (a) by consider- 
ing the coal as fuel and the air as supporting combustion thereof, 
(b) by considering the air as fuel and the coal as supporting com- 
bustion. The phenomena discussed in the early part of the 
paper offer an excellent illustration. Ignition will be lost if the 
flow of coal is too rapid through a stream of air constant in 
quantity. 

The illustrated typical structure of the fuel bed is funda- 
mental. It is obtained with all sorts of solid fuel; with coke 
breeze and with subbituminous coals, which do not coke or 
agglutinate. The formation of coke walls along each side of 
the burning lane is helpfully incidental; it provides stability and 
inhibits blowing away of the fuel. 

It is suggested that the finding of free oxygen just above the 
fuel in the retort was probably due to some specific circumstance 
associated with the particular setup used. Ordinarily there is a 
short, low-velocity but hot flame, or rather assortment of flames, 
flowing hither and yon over the coal in the retort. This flame 
is aspirated into the jet over the burning lane, the slowness of its 
aspiration being due to the fact that it lies between two aspir- 
ators of substantially equal power and wavers between them. 
The hypothesis of a stagnant layer of cool, unconsumed air is 
questioned. How can it long exist in the presence of hot coke 
and combustible gases? 

The practical application of the principles here discussed is 
quite simple. The fuel burns almost entirely in the burning lane. 
It burns partly as raw coal (finer particles sifting through the 
coke walls), partly as coke, and partly as gases and vapors, 
evolved in the formation of the coke walls and aspirated into the 
flame or jet of partly consumed air which issues from the lane. 
The average combustion result (CO. or excess air) obtained is a 
function of the depth of the lane and the size and disposition of 
the fuel particles therein. Under given conditions of fuel and 
load, this establishes the thickness of fuel bed required and this 
thickness is controlled to maintain the desired result, Le., the 
feed of coal is controlled and the distribution of coal is adjusted to 
give a fairly uniform combustion condition over the entire stoker. 

At any given spot, the quality of combustion probably varies 
over a wide range of excess air with such great rapidity that the 
50- or 100-ce sample taken by the Orsat is a composite of several 
values. However, with an infinite number of spots, the inte- 
grated condition obtained some distance above the fuel bed is 
one of fairly uniform quality. 

This burning in lanes is by no means exclusively characteris- 
tie of the underfeed section of the stoker. Link-grate stokers, 
with link-grate overfeed sections of length equal to that of the 
retorts, burn coal in precisely the same way. The link grates 
have two components of motion, propelling and breaking, sepa- 
rately regulated. The laned fuel bed received by them from the 
underfeed section is carried along in this characteristic form until 
it nears the end of the grate, the burning lanes gradually widen- 
ing, and the fuel lanes finally disappearing. Quality of combus- 
tion is controlled by controlling the rapidity with which the 
laning is obliterated, i.e., by altering the relation between the 
propelling and the breaking components of motion. 
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This naturally leads to consideration of the author’s statement 
of mystification over the manner in which ash gets to the ashpit. 
This question has so far been answered only by observation of 
the progress of the ash and concurrent rationalization. It is 
believed that the following conclusions are not only tenable but 
fairly close to the complete story: 

1 Since nearly all of the ash must remain as a residue in the 
coke which burns over the tuyéres, it is exposed to temperatures 
generally higher than the fusing temperature of any ash. Most 
of it fuses and melts. 

2 The fused ash is heavier than the burning coke with which 
it is associated, so it drips or drops down through the burning 
lane to be chilled to solid form and comes to rest on the tuyéres 
and among the coolest particles of coke above them. Thus, 
there is deposited on the tuyéres a layer of ash of a thickness 
which is minimum at the upper end of the stoker and maximum 
at the lower. 

3 The stream or column of coal in the retort with its confining 
walls of coke moves as already described. The ash is slowly but 
surely dragged along by the moving column. Sometimes it 
agglomerates to form a clinker on the tuyéres which stands still 
and grows until positively seized by adjacent columns and moved 
integrally with them. (Probably, the loose ash flowed around 
the author’s probes and the clinkers, if any, obligingly withheld 
movement while the probes were in place. High temperatures 
right at the tuyéres usually mean that a clinker has just passed by 
and swept the ash away.) 

4 Thus, the ash is moved by the passing coal and, thus, it 
must finally be ejected from the underfeed section of the stoker, 
ie., by ejecting enough coal from the retorts to carry the ash 
away. Overfeed sections are provided for the express purpose of 
burning the coal used for this function. 

Herein is the principal reason for the application of the link- 
grate overfeed section. It provides for burning the coal ejected 
from the retorts in order to dispose of the ash. Additionally, it 
comprises a large portion of the total stoker area where the con- 
centration of ash is highest and, being a positive conveyer, elimi- 
nates in this area dependence upon movement of the coal to move 
the ash. 

In undertaking to burn any and all varieties of coal on stand- 
ardized apparatus there naturally occur instances where it is 
impractical or impossible adequately to control combustion solely 
by regulating distribution of the coal. Then it becomes neces- 
sary to use secondary air. 

The method of injecting the air involves more than velocity. 
Basically it involves the energy required to obtain penetration of 
the jet to the area needing the air, i-e., the area of the stoker above 
which the flame is dense and smoky. This energy is the product 
of mass and velocity and, if the mass usable is great enough, the 
velocity can be low. 

Again, method is important. Penetration rather than flame 
deflection is to be sought. Turbulence will more readily be 
obtained with a few large jets boring into the flame than with 
many small but powerful jets trying to push the entire mass of 
flame hither or yon. For instance, we find that jets of 20 to 40 
sq in. area spaced 3 to 5 ft apart and using air pressures of 8 in., 
and often less, give greatest penetration and produce greatest 
turbulence. 


J. EK. Tospny.® This paper represents the culmination of many 
years of special study, both theoretical and practical, of com- 
bustion on multiple-retort underfeed stokers. The writer has 
followed the author’s work with a great deal of interest and 
anticipation. In fact on two oeeasions, he visited Hell Gate Sta- 
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tion, while the tests were being conducted, and crawled into the 
doghouse underneath the stoker with the author, from which 
location the probes were introduced into the fuel bed. The 
author has been an earnest seeker after truth and has worked 
tirelessly to secure the data presented in this paper. 

From personal observations, the writer agrees that there is 
need for a speed up in the coking process on underfeed stokers 
and that many present burning troubles would be eliminated if the 
fuel could pass more quickly and completely from the raw-coal 
state to coke. 

It is believed that the author’s idea of a pulsating air blast 
has merit from the standpoint of classifying ashy material and 
coke in the tuyére lane and increasing the mobility of the former. 
In addition, the writer has been of the opinion for a long time that 
a pulsating air blast might create a scavenging effect on burning 
coke, exposing fresh surfaces to oxygen attack, tending to remove 
insulating films of ash and inert gas. It is hoped that stoker engi- 
neers will collaborate with the author in developing a higher-duty 
stoker. 


R. 8. Juxsrup.* In his description of the structure of the 
fuel bed, the author speaks of a “thin skin of coke” covering the 
top of the green coal in the retort. The writer’s observation of 
numerous stoker fuel beds, both with furnace glasses and the 
naked eye, has never revealed such a ‘‘coke skin.” On the con- 
trary his observations have indicated that, as the heated coal 
emerges from the retort, the pieces become soft, their edges round 
off, and they become plastic. The degree of plasticity attained 
varies with the fuel, some coals becoming so plastic as to appear a 
“frothy” mass floating over the retort, whereas, others soften but 
slightly and can be distinguished throughout their evolution 
from green coal to coke formation. It is this plasticity, which if 
extreme, produces ‘‘matting”’ or “‘islands,” sometimes extending 
into the burning lanes, which appear black when viewed with 
furnace glasses. Optical-pyrometer readings of these plastic 
masses reveal temperatures from 1600 to 2000 F, depending upon 
the fuel sizing, degree of plasticity of the fuel, combustion rate, 
and other factors. 

The presence of a stagnant layer of unconsumed combustible 
over the retort of both single- and multiple-retort stokers has 
been observed by the writer. This is particularly noticeable with 
single-retort stokers of the ‘‘on-off” type after lengthy off periods. 
A steam or heat demand starting up the feed and forced-draft fan 
creates dense clouds of slowly rising gases over the retort which 
ignite as they are drawn into the high-velocity air and gas 
streams issuing from the coke fissures in the burning zone. 

Not only is high-velocity primary air desirable for entraining 
and burning unconsumed combustible gases above the retort, 
but it also assists in the rapid formation of coke as the fuel passes 
from the retort to the burning lane, provided of course that such 
velocity does not “lift’’ or “blow”’ considerable fuel from the bed. 

Calculation of the transverse velocity of fuel over the grates of 
single-retort stokers at various combustion rates have shown 
speeds of from 0.3 to 1 fph, which would appear in line with 
those determined by the author at the Hell Gate tests at probably 
higher combustion rates. 

Again referring to “on-off? type single-retort stokers, the 
writer has observed the tendency of the fuel bed to “heal’’ and 
correct unstable fuel-bed conditions such as “‘blowholes,”’ large 
coke masses, and “‘islands’’ of plastic fuel during off periods. 
This is probably due to the plastic nature of the fuel bed per- 
mitting it to flow into cavities and the additional creation of coke 
fissures due to contraction of the coke caused by fuel-bed tem- 
perature changes. 

The author’s four suggestions for the design of a heavy-duty 
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stoker have considerable merit. Retorts of narrower width 
should present no unusual difficulties. The delivery of uniform- 
size fuel to the tuyéres is more difficult due to the variable size 
reduction occurring in the retort because of attrition, impact, and 
other causes. It should be best accomplished by delivery of a 
uniformly sized fuel to the stoker hopper. As the author states, 
pulsating primary-air pressure has been applied to advanced 
German gas producers and should be applicable to stokers. 
Overfire air of relatively high velocity is being at present applied 
to underfeed, chain-grate, and spreader-type stokers with good 
results. 


AUTHOR’S CLOSURE 


The discussers have made material additions to our knowledge 
of the underfeed stoker. In particular, the author was greatly 
interested in Mr. Lawrence’s description of the fuel bed arched 
over the tuyéres and so keyed that little or none of the material 
fell down when the tuyéres were removed. The question arises 
whether this is advantageous or the reverse; such a fuel bed 
would appear to be so densely packed as to set up very high resist- 
ance to the primary-air stream. 

Mr. Mosshart’s analysis of ash flow along the tuyére stack was 
also very interesting. The mechanism he describes is similar to 
that believed to exist by the author before the tests at Hell Gate; 
the absence of confirmatory observations during those tests led 
him to question the mechanism. The ash certainly gets down to 
the pit; its path of flow may be that described by Mr. Mosshart; 
but that it is so, is not yet proved. 

The author is grateful to Mr. Mosshart for his confirmation of 
the “lane’”’ mechanism of burning and for its extension to fuels and 
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stokers other than those which were observed in the Hell Gate 
tests. Mr. Mosshart’s experience of fuels and of stokers is so 
wide that the generality of this conclusion can now hardly. be 
questioned. 

His explanation of the function of the link grate suggests that 
it is used to palliate conditions arising from the need to adjust 
coal flow along the retorts to two different requirements: first, so 
that the coal is fully coked at the end of the retort; and second, 
so that the longitudinal movement is large enough to discharge 
the ash. It is evident that these requirements are not likely to 
be compatible so that it might be desirable to separate the ash- 
discharge function from the coal-distribution function. This is 
done in the design of which the last section of the paper is a 
partial description. 

It is very helpful to have Mr. Julsrud’s confirmation of the ob- 
servation of slowly moving clouds of combustible gases rising 
from the retorts and being aspirated into the stream from the 
burning lanes when starting up from a banked condition. In 
connection with Mr. Mosshart’s discussion of the same subject, 
the author wishes to emphasize that he described a relatively, not 
an absolutely, stagnant gas layer over the retorts. The author 
believes his picture and that given by Mr. Mosshart are es- 
sentially the same and differ only in the description. 

Finally, the author wishes to thank Mr. Tobey for his encour- 
agement. The acceptance in principle of the suggested novelties 
in underfeed-stoker design by an engineer of such broad experi- 
ence as Mr. Tobey’s indicates that they may be profitable lines 
of attack to follow. It seems that the establishment of research 
programs, to supplement their development engineering, might 
be a profitable venture for stoker manufacturers. 
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Lubrication of General Electric 
Steam Turbines 


By C. DANTSIZEN,! SCHENECTADY, N. Y. 


This paper constitutes a discussion of the viscosity index, 
organic acids, and oxidation as related to oils used in lubri- 
cating steam turbines manufactured by the author’s com- 
pany. Advisedly, responsibility for the quality ofa turbine 
oil is placed as it should be upon the supplier of the oil. 
Nothing in this paper should be construed as affecting that 
responsibility. The lubricating-oil experience of turbines 
operated at the Schenectady Works powerhouse is cited. 


ECAUSE turbine oils, having an appreciable variety of 
tne characteristics, are functioning well in steam tur- 

bines, the General Electric Company does not issue narrow 
specifications for such oils, but does issue the relatively broad 
recommendations.contained in Table 1. 
TABLE 1 RECOMMENDED LUBRICATING-OIL SPECIFICATIONS 

FOR TURBOGENERATOR SETS 
Land and Land gear 


marine sets and 
direct- oil-ring ——Marine turbines—\~ 
connected lubrication, Auxiliary, 
turbine- turbine- geared Propulsion, 
F generator generator generator geared 
Properties sets sets sets sets 
Saybolt viscosity, sec: 
AP LOOM Mee cree esas 140-170 280-325 POs ay | penne 
RI OWd sa doneeagcgoe —ecbemed | | soba; COON k sOtonMon 220-260 
at 210 F (approx)..... 43 49 49 55 
Flash point, F (min)..... 330 350 350 360 
Neutralization number... 0.05 Max 0.05Max 0.05Max 0.05 Max 
A.S.T.M. steam-emulsion 
Ape bervivewinice see e os 90 Max 90 Max 90 Max 120 Max 
Maximum viscosity be- 
fore starting, sec...... 800 800 800 800 


Minimum oil temperature 
before starting, F..... 50 70 70 85 


Operating _bearing-inlet 

Vy ilansat Oy JOB coe eo 110-120 110-120 110-120 110-120 
Operating bearing-outlet 

OU eM Liason ss rele 140-160 140-160 140-160 140-160 
Minimum oil-tank temp, 

10) BAsanpancind ont IO RU 130 130 130 130 


Unfortunately, the recommendations in Table 1, purposely 
made so as to include the well-tested products of many oil com- 
panies, are so broad that they may include not only good but 
also poor oils. For this reason, it is suggested that the oil to be 
used should have a good service record in the field. It may be 
argued that, if this suggestion is followed too literally, it tends 
to discourage the development of new refining processes in the 
production of turbine oils. However, most oil companies have 
within their organizations turbines with which they can experi- 
ment on new oils before placing such oils on the market. 

The author’s company also states that the oil should be a 
petroleum derivative free from water, sediment, soap, and resins 
or any materials which in service will prove injurious to the oil 
or to the turbine with its accessory equipment. 

The variation in viscosity of mineral oil with temperature can 
best be plotted on a special A.S.T.M.? chart designed so that the 


1 Works Chemist, General Electric Company. 

2“Standard Viscosity-Temperature Charts for Liquid Petroleum 
Products,” A.S.T.M. Standards, 1939, part 3, pp. 221-224. 

Contributed by the Committee on Lubrication of the Machine 
Shop Practice Division and presented at the Annual Meeting, New 
York, N. Y., December 2-6, 1940, of Tue AmMBpRICAN SOCIETY OF 
MecHanicaL ENGINEERS. 

Nors: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


viscosity-temperature curve will be nearly a straight line. An 
example of the use of this chart is shown in Fig. 1. The two 
oblique lines indicate the upper and lower viscosity limits for oil 
recommended for direct-connected steam-turbine sets. It is as- 
sumed that, in the lower viscosity range, by approximately 43 
sec Saybolt is meant a spread of +1 deg. The slopes of such lines 
of different fractions of oils obtained from the same crude are 
approximately equal and the lines are therefore parallel, but the 
lines from the fractions of another crude although parallel to each 
other may have slopes different from those of the first-mentioned 
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series. Pennsylvania oils have a gentler slope than do coastal 
oils. 

In Fig. 2 is shown in solid parallel lines the viscosity-tempera- 
ture characteristics of a series of oils derived from a special 
coastal crude and, in dotted parallel lines, similar characteristics 
of a series of oils derived from a special Pennsylvania crude. 
Dean and Davis? in 1929, gave to all the oils in the first-named 
series a viscosity-index number of zero and gave all those in the 
second series a viscosity-index number of 100. Then, to obtain 
the viscosity-index number of any other oil, they compared that 
oil with a zero-viscosity-index oil and a 100-viscosity-index oil 
in the following formula, all three oils having exactly the same 
viscosity at 210 F 


= Viscosity index of oil in question 

= Viscosity at 100 F of oil in question 
Viscosity at 100 F of zero-index oil 
= Viscosity at 100 F of 100-index oil 


Za au 
Il 


Viscosity OF OILs For TURBINE Us 


Since 1929, many oils, having a gentler viscosity-temperature 
slope than the Pennsylvania oils used in the formula, have been 
placed on the market. These new oils, therefore, have viscosity 
indexes of over 100. There are also oils on the market which have 
steeper viscosity-temperature lines than those of the series of 
coastal oils used in the formula. These oils have negative vis- 
cosity indexes. 

This brings up the controversial question as to whether a high- 
viscosity-index oil is better than a low-viscosity-index oil in a 
turbine. While the tendency among steam-turbine operators is 
to use oils with high viscosity indexes, we know of successful 
operations with low-viscosity-index oil. So far as it is possible to 
judge from data obtained up to the present time from the field, 
either type of oil may be used, provided it is refined in such a 
way that it is satisfactory in the other respects cited in the 
recommendations. 

The organic-acid content of an oil is expressed as the number of 
milligrams of caustic potash required to neutralize the acids in 1 g 
of oil. The value obtained is called the neutralization number of 
the oil; the higher the neutralization number, the greater of 
course is the acid content of the oil. 

Although the suggestion is made in the recommendations 
that a new oil may have a neutralization number as high as 0.05, 
many oils on the market have a neutralization number practically 
of zero. As an oil slowly oxidizes in use, organic acids are gradu- 
ally formed and the neutralization number rises. Under exactly 
the same operating conditions, the rate at which one oil will 
oxidize may be quite different from the rate at which another oil 
will oxidize. Oils derived from some crudes seem to have in them 
natural oxidation retarders which slow down the rate of oxidation 
over what it would be if the retarders were not present. Then, 
too, a few oils on the market have oxidation inhibitors purposely 
added to them which, under selected conditions, bring down the 
oxidation rate to an exceedingly low value for long periods of 
time. 

The effort displayed by many oil refiners in recent years to 
reduce their turbine-oil neutralization number down to zero is 
praiseworthy in so far as effort is concerned. However, there is 


* “Viscosity Variation of Oils With Temperature,” by E. W. Dean 
and G. H. B. Davis, Chemical and Metallurgical Engineering, vol. 36, 
1929, pp. 618-619. 

4 “Neutralization Number of Petroleum Products and Lubricants,” 
A.S.T.M. Standards, 1939, part 3, pp. 617-619. 
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evidence that many of these oils, with a neutralization number of 
zero (no organic acid present), in combination with water, have 
given rise to excessive iron corrosion within oiling systems, such 
corrosion products being carried along and interfering with the 
operation of governors and other parts depending upon close 
tolerances. 

The corrosion product formed on iron parts in contact with a 
small amount of water disbursed through certain turbine oils is 
generally black and is magnetic. Examination of an X-ray dif- 
fraction pattern shows that ferro-ferric oxide, FesO,, is the prin- 
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cipal oxide present in the corrosion product. Although not a true 
rust, it is called rust by most turbine operators. 

This corrosion has been so considerable in some eases that oil 
suppliers have been accused of furnishing oil which was prone to 
sludge, whereas, in such cases, it was probably too highly refined 
as far as retention of natural corrosion inhibitors was concerned. 
Of course, from an operator’s point of view, a quantity of iron 
corrosion mixed with oil is a sludge, even though an oil man 
might not consider it as such. Moreover, a large amount of iron 
oxide in oil certainly will act as a catalyzer when the oil does 
start to oxidize. Then, an actual oil sludge may develop rapidly. 

It has been noticed in recent years that new turbine installa- 
tions with new turbine oil were the ones which sometimes cor- 
roded. Old ones with used oil never corroded. A turbine oil 
tends to improve in service, as far as corrosion inhibition is con- 
cerned. 


DETERMINING THE Rustinc TENDENCY oF OILS 


A simple laboratory apparatus has been devised by W. F. 
Kuebler’ for determining the rusting tendency of oils. This ap- 


5 Westinghouse Electric & Manufacturing Company, East Pitts- 
burgh, Pa. 
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paratus consists of a beaker in which water may be held in sus- 
pension in the oil by agitation with a paddle. In this same 
beaker, polished-steel specimens are placed and the test is carried 
on for several days at room temperature. Many new oils on the 
market, when tested in this apparatus, permit water-rusting of 
the steel specimen, and these same oils in service have also not 
prevented rusting in some turbine installations. The only modi- 
fication that we have made in this apparatus is indicated in Figs. 
3 and 4. The change consists of surrounding the beaker with an 
oil bath running at 140 F, in order to simulate more nearly the 
temperature conditions of the oil in actual use. 

With this apparatus, several remarkable facts have been de- 
veloped concerning the oil which we use in the turbines in our 
Schenectady Works powerhouse. We found that the new unused 
oil will, when agitated with water, allow rust to form on iron, 
whereas, oil which has been in use in the same turbines for several 
years and which has a neutralization number of 0.7 will inhibit 
rusting. 

We also found that this used turbine oil is a very effective rust 
inhibitor when it is mixed with new oil in proportions even as low 
as 1 per cent of used oil to 99 per cent of new oil. 

With new oils which are not rust inhibited, we would suggest 
that, provided the oil supplier approves, a 10 per cent addition of 
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a well-used oil of the same brand be added to the new oil when 
first putting a new turbine into service: Another sound piece 
of advice, relating to starting up a new turbine, is to limit water 
entrained in the oil to a minimum. 

In Fig. 5 are shown two steel test pieces which failed to rust in 
100 per cent used turbine oil and two test pieces which rusted 
severely in new oil of the same brand when tested in the modified 
Kuebler apparatus. 
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Tueory or Rust-INHIBITING QUALITY OF OIL 


In our laboratory, we have found that the rust-inhibiting 
quality of turbine oil, developed in service, is in some way 
connected with the formation of hydrophilic groups by oxidation 
of the oil. Following Dr. Langmuir’s procedure with oil films on 
distilled water, we found that new turbine oils which permitted 
iron corrosion in our laboratory tests did not spread when 
dropped on water, whereas, a drop of the same type of oil used 
for several years in our factory turbines spread over the surface 
of water like a flash, Fig. 6. 

All the new oils on test, not giving rise to rust, spread on water 
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to a greater or lesser degree. It requires 5 min for the drops of 
some of these to double in diameter, while others spread almost as 
rapidly as used oils. 

Since, theoretically, organic acids of all manner of molecular 
weights are produced when mineral oils are oxidized, we carried 
out the experiment of adding 0.25 per cent of various aliphatic 
acids to a neutral white oil, not with the idea that these particu- 
lar acids are formed by oxidation in the oil, but solely to provide 
a clew as to what molecular-weight organic acids were giving rust 
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inhibition, and what molecular-weight acids might give rise to 
rusting. It was found, as might be expected, that the acids of 
lower molecular weight, such as formic, acetic, and even propionic, 
were rust producers. In fact, more rust was produced by such 
acids than by a neutral untreated white oil.’ Ascending the scale 
of acids, complete protection was found through the use of 0.25 
per cent caproic acid, having a molecular weight of 116. All acids 
of higher molecular weight also give protection. Later experi- 
ments indicated that 0.1 per cent of caproic acid was equally 
effective. 

Fig. 7 shows a series of ten steel-corrosion specimens, indicating 
the relative rusting and rust-inhibiting qualities of 0.25 per cent 
of various organic acids in white medicinal oil. All tests were 
carried out at 140 F, the oils with 1 per cent water mixture having 
been stirred for a total of 16 hr; and left in a quiescent state for a 
total of 13 hr. The results are given in Table 2. 


TABLE2 RESULTS OF CORROSION TESTS ON STEEL 
SPECIMENS SHOWN IN FIG. 7 


Carbon Molecular Percentage 
atoms in weight of of surface 
acid acid rusted 

INOBcid\s7 cn teetorenseiteleresiale tere 5 
Formic acide) eeueioc oes : 1 46 100 
Acetic acid..... bits swaleerc aie 2 60 100 
Propionioiacid Foc. ee ones 3 74 50 
Butyrio'aeidl veneer ac. aeekoe. 4 88 20 
Valericiacid ree mianecustcins oy 5 88 2 
Caproic acid eae OOMOBOTO 6 116 0 
Caprylic acid sccicene xeonmmns 8 144 (0) 
Palmitic acid cm saasueniemues 16 256 0 
Stearic acid cages de secs 18 284 0 


Fig. 8, which gives the structure of one of the forms of caproic 
acid, illustrates how caproic acid or any organic acid of higher 
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molecular weight tends to inhibit iron corrosion in contact with 
water suspended in oil. 

The water-soluble or hydrophilic part of the molecule of organic 
acids is called the carboxyl group. This is the same group which 
attaches itself to iron surfaces. After a layer of such molecules 
has become attached to the iron, the oil-soluble or hydrophobic 
parts of the molecules are presented to the oil and prevent water 
globules, suspended in motion in that oil, from coming in contact 
with the iron, thereby, inhibiting rusting of the iron. 


Orner Sources or Rusr INHIBITION 


Organic acids are not the only oxidation products of oil which 
inhibit rusting of turbine oils since, while the organic acids are 
being formed, there are probably compounds with hydroxyl 
groups and ketone groups which are likewise hydrophilic and 
capable of wetting the iron. It is therefore possible to treat a new 
oil with the nonacid oxidation products of mineral oil and, there- 
by, effect iron-corrosion inhibition without raising the neutraliza- 
tion number. 

Because the traces of organic acids and associated oxidation 
products in turbine oils tend to inhibit rusting under turbine- 
operating conditions, it must not be assumed that a used turbine 
oil, for example, can be used as*a rust-inhibiting coating for iron or 
steel under all conditions. Such an oil-treated specimen if placed 
out in the rain or in salt water woud certainly rust. 
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A possible explanation for this may be that, although the 
protective molecules on the iron are packed closely enough to 
) keep water in fine globules in suspension in oil away from the iron, 
large and heavy globules not in rapid motion will tend to break 
through the film. 

Another point to be seriously considered is that too high a con- 
_ tent of free organic acids in a turbine oil is detrimental, in that it 


'\ may give rise to or be associated with: 


1 The formation of metallic soaps. 

2 Formation of permanent water emulsions. 
3 Sludging of the oil. 

4 Destruction of oxidation inhibitors. 


The maximum permissible amount of free organic acid in an oil 
depends upon the type of oil used. 

With oils having antioxidants present, the amount of acid 
permissible should probably not exceed that which corresponds 
to a neutralization number of 0.15. With no antioxidants pres- 
ent and depending upon the oil used, an amount equivalent to a 
neutralization number of 2.5 might be permitted. 

The carboxyl groups which, in an organic acid are responsible 
for inhibition of rusting, are also responsible for attack on metals 
and oxides of metals forming soaps which are almost insoluble in 
both oil and water. Most of these metallic soaps act as active 
catalyzers for the further oxidation of the oil. 

A high percentage of organic acids and associated oxidation 
products give rise to permanent emulsions of water in oil be- 
cause there is a sufficient number of the hydrophilic groups 
present to take care of the large contact area between the 
water globules, which constitute the discontinuous phase of 
such an emulsion, and the oil which constitutes the continuous 
phase. 

High acid values in oils are associated with sludging of such 
oils. Such sludges are insoluble oxidation products of the oil. 


FarMER TEST FOR OXIDATION CHARACTERISTICS OF OIL 


One of the best tests for the oxidation characteristics of an oil 
has been developed by Harold Farmer® of the Philadelphia 
Electric Company. He has pointed out that iron, brass, and 
copper, particularly the last, are active catalyzers in speeding the 
oxidation of turbine oil. 

Because the American Society for Testing Materials has no 
test method for finding the relative oxidation rates of various 
turbine oils, in the Schenectady Works laboratory, we are using 
a modification of the Farmer test; 400 ml of oil are placed in a 
pyrex tube with three 1/;-in-diam rods, 10 in. long, of three differ- 
ent metals, i.e., iron, brass, and copper. In the same tube at the 
start of the test is placed 12 cc of water. Examination of the 
tubes is made daily to assure that approximately that amount of 
water is present. The oil and water are maintained at 210 F 
and, through the oil and water, air is bubbled at the rate of 10 1 
per hr. Samples of oil are tested once a week for neutralization 
number, viscosity, and precipitation number. The viscosity 
sample is returned to the tube and oil lost in the determination 
of the neutralization number is replaced by the addition of new 
oil to that under test in the tube. The apparatus is shown in 
Figs. 9 and 10. 

While we find that wide variations exist in the oxidation rate 
of different oils, at present there is no inclination to condemn 
some oils which do not prove to be among those giving the best 


8 “Copper Catalysis Accelerates Turbine Oil Oxidation,” by Harold 
Farmer, Electrical World, vol. 111, May 20, 1939, pp. 1452-1453 and 
1519. 

T. H. Rogers and B. H. Shoemaker, Industrial and Engineering 
Chemistry, Analytical edition, 1934, vol. 6, p. 419. 


495 


results in this apparatus. The oil, for example, which we are 
using successfully in the Schenectady Works turbines cannot be 
graded as excellent from the oxidation standpoint. On the other. 
hand, we appreciate that the oxidation-inhibited turbine oils now 
on the market are a valuable contribution to the turbine industry. 


Discussion 


M. D. Baker.’ The difficulty in writing specifications for the 
purchase of turbine oils can be fully appreciated. As the author 
points out, specifications of a very general nature can be made, 
and generally these do not give information that will predict the 
service life of the oil to be purchased. 

During one of our investigations, twelve light turbine oils of 
different brands were studied in the laboratory. All twelve oils 
were found to be within the limits of the specifications which in- 
cluded tests for gravity, flash, fire, viscosity, and steam emul- 
sion. No life tests were made. Six of these oils were picked 
for an accelerated life test in a small unit. These accelerated 
tests gave service records varying from 50 hr on the poorest 
oil to 1800 hr on the best oil. The life of the oil was determined 
by the length of time required to reach a neutral number of 
0.8. 

Refining methods have been changed to improve the quality 
of the oils delivered. In conjunction with this improvement, 
antioxidants have been added to the oils to retard the rate of 
oxidation and prolong their service life. An example of this in- 
creased life can be illustrated by the service record of one oil. 
Without the antioxidant after 13,000 service hr, the neutral 
number was 0.85. This same oil with the antioxidant added now 
has 37,000 service hr and a neutral number of 0.08. The addi- 
tion of the antioxidant has decreased the rate of sludge precipi- 
tation in the oil coolers, so that now 15,000 hr elapse between 
cleanings where previously 5000 hr was considered a long period 
of time. This lengthening of time between cleanings has given 
longer periods of metal passivity in the coolers and has reduced 
the rate of metal poisoning. 

The detrimental side to the addition of antioxidants must also 
be considered. The author mentions that in the older types of 
oils the neutral number of 2.5 could be carried with safety, but 
that in the newer types of oils one company has set a limit of 
0.15 as the maximum neutral number that can be carried with 
safety. The older type of oils increased in neutral number at a 
more or less accelerated but definite rate with no sudden or rapid 
increases. Knowing the condition of the oil, its life could be pre- 
dicted with some degree of accuracy when the rate of rise of the 
neutral number was plotted against the service hours. 

The accelerated-service test on one oil containing an anti- 
oxidant gave the following results: At 1250 service hr, the neu- 
tral number was 0.08; at 1394 service hr, the neutral number was 
17.4. This rise in neutral number when it occurred was very 
sudden and very rapid. So, unless some test other than neutral 
number is devised and used, the life of an oil containing an anti- 
oxidant cannot be accurately predicted. 

The neutral number of 0.8 was set for the top limit of the oils at 
Springdale Station, as experience has shown that, when an oil 
reached this value and under normal operation with no water 
present in the oil, any water contamination would create a heavy 
sludge. Units having constant moisture infiltration into the oil 
system have been operated safely with neutral numbers as high 
as 4.0 but this is too high for a unit that does not have regular 
or frequent infiltration of water. 

Corrosion in turbine systems has been experienced for years, 


7 Springdale Power Station, West Penn Power Company, Pitts- 
burgh, Pa. 
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but it has only been during recent years that it has been an item 
of great importance. As the newer oils are more resistant to oxi- 
dation, compounds that protect the metal from corroding are 
slower in forming; and corrosion will occur, where previously it 
was not experienced. Also, the newer oils will dissolve films 
that have been coated upon metal surfaces and thus allow the 
water to contact the bare metal and cause corrosion. Previously, 
the corrosion products formed were principally ferric oxide 
(Fe.O3), which, when carried in the oil stream, did not cause 
severe abrasion. The product formed with the newer oils is mag- 
netic iron oxide (Fe;0,), which when formed in the presence of 
oil appears to be small, dense, hard crystals, and very abrasive. 

When corrosion occurred in the high-pressure unit at Spring- 
dale, it was impractical at that time to remove the unit from 
service for a prolonged period and means for preventing the 
corrosion had to be devised. Laboratory tests showed that the 
addition of used oil which had become partially oxidized would 
prevent corrosion. This remedy was applied to the oil in the 
unit, and corrosion was completely stopped. Before adding the 
used oil, moisture to the extent of 0.1 per cent would cause cor- 
rosion; after the addition of the used oil, the unit was operated 
for 3 weeks with 3 per cent of water in the oil, and no cor- 
rosion occurred. Since these results have been obtained at 
Springdale, it has become a general and successful practice to 
stop corrosion in turbine oil systems by the addition of used oil 
to the new oil. 

We differ from the author in our theory as to why the addition 
of the old oil prevents corrosion. Laboratory experimental 
work and service records indicate that, when water is added to a 
used oil, it makes a coating of a very minute film on the metal 
surface. The first water added causes the formation of this film, 
but in so doing it also removes the film-forming properties from 
the oil. So until the oil is further oxidized any other additions 
of water can cause corrosion of new metal that was not in the 
system when the protective film was formed. Several experi- 
ences with corrosion on changed metal parts has lead us to be- 
lieve that the inhibition was imparted to the metal and was not 
permanently given to the oil, by having imparted to the oil an 
increased wetting action. 

The addition of the old oil to the new oil in a turbine system is 
ideal for corrosion prevention but is not to be desired when con- 
sidering the service life of the new oil. The used oil apparently 
serves as a catalyst to start oxidation in the new oil and reduce 
its service life. Laboratory tests have shown that the life may 
be reduced to as much as 20 to 30 per cent of the life expected 
if the used oil had not been added. 

Turbine-lubrication problems and their solutions can be ar- 
rived at only by the cooperation of the turbine designers, the 
oil refiners, and the users of the oil. Committees composed of 
these three groups have been formed, and the results of their 
cooperative studies will be very valuable. 


D. L. Barzour.® Operators of geared turbines would be inter- 
ested in the author’s comments concerning the desirability of 
using for this service, as contrasted with direct-connected units, 
an oil having a low viscosity index, ie., a relatively steep tem- 
perature-viscosity curve. 

For a geared unit, it is general practice to employ a common 
oiling system to serve the bearings of the turbine, reduction 
gear, and generator or other driven machine and also the oil 
sprays for gear-tooth lubrication. The operating conditions 
of the bearings, particularly those of the turbine and high-speed 
pinion, are the same as on a direct-connected unit. The viscosity 
range for an oil most suitable for the bearings is as recommended 


Mem. 


8 Chief Turbine Engineer, Elliott Company, Jeannette, Pa. 
A.S.M.E. 
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in the first column in Table 1 of the paper. On the other hand, 
an oil of much higher viscosity is preferred for gear-tooth lubri- 
cation. This necessarily results in a compromise viscosity, inter- 
mediate between the two, as recommended in the second and 
third columns of Table 1. 

There is also a considerable difference in oil-temperature rise 
in the bearings and in the gear teeth. While the bearing-outlet 
oil temperature is generally between 140 and 160 F with 120 F 
inlet, the oil leaving the gear teeth may be at only approximately 
125 F. 

Assuming (1) an oil with a viscosity index of 100 and 49 sec 
8.U.V. at 210 F and (2) an oil with zero viscosity index and the 
same 8.U.V. at 210 F, the temperature-viscosity curves are as 
shown by the solid lines in Fig. 11 of this discussion. For the 
100 V.I. oil, the viscosities at a bearing-outlet temperature of 
150 F and the gear-tooth oil temperature of 125 F are, respec- 
tively, 86 and 132 8.U.V. The corresponding viscosities at the 
same operating temperatures for the zero V.I. oil are respectively 
100 and 180 S.U.Y. Or similarly, as shown by the broken line, 
a zero V.I. oil with the same viscosity as the 100 VI. oil, at the 
bearing operating temperature of 150 F, would have 146 S.U.Y. 
at the gear-tooth oil temperature of 125 F, compared with 132 
S.U.V. for the 100 V.I. oil at this temperature. 

By taking advantage of the steeper viscosity-temperature curve 
of the zero or low-index oil, a somewhat better compromise can 
be realized for the desired different viscosities for the bearings 
and gear teeth at their respective operating temperatures. It 
is questionable, however, whether this advantage is of sufficient 
importance to justify the recommendation of low-index oil for 
geared units. 

By way of corroborative operating experience in connection 
with the corrosion-inhibitive value of used turbine oil, as com- 
pared with 100 per cent new oil of the same grade, the writer’s 
company has had several eases of corrosion of steel parts during 
the first few weeks of operation of new units with all fresh high- 
grade oil. In each instance there were traces of water in sus- 
pension in the oil, probably from gland leakage, although the 
leakage and the clearance in the oil baffles were not excessive. 
It has been found in most cases that, with no change in operating 
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conditions, the tendency toward corrosion of steel parts exposed 
to the oil gradually disappears, probably as a result of the oil 
developing corrosion resistance from a gradual increase in 
organic-acid content of high molecular weight as described by 
the author. 


Ronatp Butxiny.’ The author displays a commendable 
understanding of the difficulty of fashioning an oil in such a 
manner that it shall possess the conflicting properties of sepa- 
rating out quickly from water on the one hand, and of preventing 
corrosion by attaching itself firmly to metal, on the other. In 
addition to performing this chemical legerdemain, a good tur- 
bine oil is expected, as a matter of course, to be neutral as regards 
acidity and practically everlasting as regards oxidation stability. 

The statement regarding the amount of free organic acid per- 
missible in a turbine oil before withdrawal is open to some ques- 
tion. Most antioxidants are of the type which are effective only 
in oils which have been overrefined either by acid or by solvents. 
It is universally recognized that such oils are basically unstable, 
and the rate of oxidation is alarmingly rapid when the induction 
_ period is ended. It is logical, therefore, to require the immediate 
. withdrawal of the oil as soon as the exhaustion of the antioxidant 
is made apparent by the upward movement of the acidity value. 
The maximum limit suggested by the author for this type of 
oil is 0.15, a very low figure. 

Oils which contain no added antioxidant are, as a rule, much 
more stable products than the base oils selected for the addition 
of antioxidants. The rate of deterioration of such oils is slow and 
they may safely be allowed to develop a much higher neutraliza- 
tion number before withdrawal. The limit set in this paper is 
2.5. 

It has been found possible in some instances, however, to com- 
bine an effective inhibitor with the type of oil which possesses a 
high degree of stability of its own. In these cases the rate of de- 
terioration after the inhibitor is exhausted should, theoretically, 
not be any higher than the rate for the base oil without the in- 
hibitor. As a matter of fact, in the several field installations 
with which we have had experience the rate of oxidation, after 
the so-called “break,” has been lower than for the base oil alone 
in the same turbine. This is perhaps explainable on the sup- 
position that the first reaction product which the inhibitor forms 
is itself a compound capable of retarding the rate of oxidation 
somewhat, although not able to suppress it entirely as a true in- 
hibitor does. However this may be, the net result is that, for 
) such combinations of oil and antioxidant, the neutralization 
number may safely be allowed to rise to values at least as high 
as would be permitted for the base oil without the antioxidant. 


B. F. Hunrer.!° The results given in this paper confirm 
investigations of the corrosion problem in new turbine units, 
carried out over a period of several years in the research labora- 
tories of the writer’s company. Turbine oils, refined to minimize 
oxidation in service and to separate readily from entrained water 
when new, show little if any tendency to retard corrosion with 
small percentages of entrained water. In service, partially oxi- 
dized oil and perhaps formations of small percentages of metallic 
' soaps appear to adhere to the surfaces of exposed metal, pro- 
viding a thin protective film impervious to moisture. Our in- 
vestigations have indicated definitely that as little as 0.02 per 
cent of high-molecular-weight fatty acids added to highly re- 
fined turbine oils would prevent entrained moisture from cor- 
roding metal surfaces during the initial breaking-in period of a 
turbine unit. 


® Research and Development Division, Socony-Vacuum Oil Com- 
pany, Inc., Paulsboro, N. J. 
10 Gulf Oil Corporation, Pittsburgh, Pa. 
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Actual field experience for the last several years has proved 
this theory to be correct. Such oils are generally available and 
are recommended for the initial fill for new units. Conventional 
or regular turbine oils are recommended as subsequent make-up 
oil. No corrosion difficulties have come to our attention with any 
turbine oil which has been in service for a period of at least 6 
weeks, indicating that special inhibited or compounded turbine 
oils are not required for turbines other than new units during the 
breaking-in period for the first few weeks of service. 

Our investigations have likewise indicated that from 10 
to 15 per cent of old or used turbine oil added to new turbine 
oil is equally satisfactory as a corrosion preventive for new 
units. 

The advice given by the author should aid in safeguarding new 
turbines in their early stages of service. Emphasis should be 
placed on the use of special compounded oils or a mixture of old 
and new oils for new units during the breaking-in period, since 
corrosion is unknown in turbine units after a few weeks or months 
of operation. 


F. C. Linn." The author has given a clear presentation of 
some of the problems involved in the lubrication of steam-turbine 
sets. There has been considerable activity during the last year 
by various oil companies, turbine manufacturers, and central- 
station chemists in the development of an apparatus whereby 
it will be possible to predict in a relatively short period of time 
whether an oil with water present will permit rusting to take 
place. The apparatus as described in this paper, which is a 
modification of a design developed by W. F. Kuebler, appears to 
meet with the approval of most of the investigators. 

The problem of rusting of metallic parts in the oiling system 
is a serious one since it is found that, in many units, rusting takes 
place during the first few days or months of operation and in some 
cases after years of operation. For proper lubrication, few oil 
companies are in a position to supply an inhibited oil which will 
pass the oil-corrosion test as outlined by the author. 

This problem is also prevalent in apparatus other than steam 
turbines. Rusting occurs in the case of journals, oil rings, etc., 
in motor bearings in localities where, because of climatic condi- 
tions, a certain amount of condensation takes place in the bear- 
ing housings. 

It is true that rusting can take place only when moisture is 
present in the oil. It is also true today that in most installations 
there is less water finding its way into the oiling systems than 
was the case in former years. Yet the rusting problem is more 
serious today than it was in the past. 

The author suggests used oil mixed with new oil as a lubricant 
for a new installation in order to inhibit rust. However, this is 
a practice which will decrease the life of the oil. Since there are 
oils on the market which have excellent oxidation, as well as 
rust-inhibiting characteristics, it would be advisable to purchase 
such oils for use in new turbine sets. 

It is realized that proper maintenance of the oiling system 
is essential to extend the life of the oil. Every precaution should 
be taken to keep the oiling system free from dirt, water, and all 
foreign matter, even though oils are used which contain anti- 
oxidants and rust inhibitors. This will insure continuous and 
satisfactory service from the oil. Operators should follow in- 
structions in the care of the oil provided by the oil company’s 
representative. If this is done, there is reasonable certainty 
that troubles due to rusting, sludging, etc., which now cause 
considerable inconvenience and service cost, will be reduced to a 
minimum. 


1 Turbine Engineering Department, General Electric Company, 
West Lynn, Mass. Mem. A.S.M.E. 
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AuTHOR’s CLOSURE 


The author has never been fortunate enough to observe the 
phenomenon which Mr. Baker mentions, namely, that when 
water is added to a used oil, it makes a coating of a very minute 
film on the metal surface. He has, however, watched carefully 
the behavior toward steel test samples of globules of water in 
suspension in two types of oils: (a) those containing no rust in- 
hibitors, and (6) those containing rust inhibitors. 

In oils having no rust inhibitors present, a suspended water 
globule coming in contact with a vertical steel surface sticks im- 
mediately to that surface. Agitation of the oil or the steel 
specimen will not dislodge the adhering drop of water. This drop 
generally does not spread much more than its own diameter over 
the surface of the steel. 

In oils having rust inhibitors present, particularly rust in- 
hibitors containing hydrophilic groups, globules of water in sus- 
pension coming near the vertical surfaces of steel test specimens 
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seem to bounce away from such specimens. It seems very prob- 
able that the hydrophilic polar groups not only form a protective 
film on the surface of the steel specimens, but also put a “‘plating”’ 
of oil over the entire surface of each globule of water, making 
each globule substantially a globule of oil as far as its effect on 
the steel specimen is concerned. 

With regard to Mr. Barbour’s request for comments concern- 
ing the desirability of using oils having a low viscosity index for 
geared turbine, the author would rather not give an opinion. 

The combination of an effective oxidation inhibitor with a type 
of oil which has a high stability of its own, should find favor with 
many turbine operators. Such a combination would not only 
require less accurate control through determinations of neutral- 
ization numbers, but also might take care of cases where the 
oxidation inhibitor might be accidentally destroyed because of 
factors other than oxidation, such as, for example, an acid-con- 
taining atmosphere in a powerhouse. 
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, Stress and Deflection in Reciprocating Parts 


of Internal-Combustion Engines 


By R. L. BOYER! anp T. O. KUIVINEN,? MOUNT VERNON, OHIO 


A consideration of stresses and deflections in reciprocat- 
ing parts of internal-combustion engines is presented in 
this paper, from the viewpoint of the heavy-duty-engine 
builder. The authors give suggested rules for design of 


' pistons, piston pins, connecting rods and piston rods, bolts 
- and connecting-rod caps. 


All recommendations given 
are based on what has proved to be successful practice in 
this classification of machinery. 


HE FOLLOWING discussion has to do with methods for 
attacking problems of stresses and deflections in reciprocat- 
ing parts of internal-combustion engines. The viewpoint 
is largely that of the builder of heavy-duty machinery designed 
for continuous operation. It should be pointed out that the 
figures given do not necessarily apply to high-speed automotive- 
type engines. It will be noted that in many cases practical 
rather than theoretical considerations determine the design of a 
part. Whether this is true or whether the part is such that 
it can be logically and mathematically analyzed, successful 
and unsuccessful experience determine the factors to be em- 
ployed. This paper deals not only with stress but also with 
deflection. 
However, it will be noted that in all cases values are given for 


_ stress and not for deflection, because it is impractical to give de- 


flection limits in many cases. Furthermore, the proper stress 
allowance is made responsible for keeping the deflection within 
allowable values. The theoretical desired deflection in most 
cases would be zero, which is, of course, impossible and, therefore, 
finite amounts of deflection must always be permitted. 

With the increase of speeds, which is always a consideration 
of the engine builder, the weight of reciprocating parts becomes 
of greater relative importance. In order to secure the minimum 
weight and yet retain the maximum rigidity and allowable 
stress, careful design is necessary and most rule-of-thumb meth- 
ods have had to be discarded. 

Reciprocating engines fall generally into classes, i.e., trunk- 
piston and crosshead types. Greater emphasis is placed on the 
trunk-piston engine in this paper, although crosshead types are 
also considered. 

PisToNS 


Cast iron has been and still is, of course, the predominating 
material for pistons of internal-combustion engines. How- 
ever, aluminum alloys have been used to a considerable extent 
and, particularly, as speeds are increased, they are finding wider 
application. Weight saving is the most important factor in de- 
termining whether lightweight alloys need be used, although heat 
conductivity must also sometimes be taken into account. The 
determination of the point in speed at which lightweight alloys 
should be used is governed mostly by stress in the connecting- 


1 Chief Engineer, The Cooper-Bessemer Corporation. 

2 Assistant to Chief Engineer, The Cooper-Bessemer Corporation. 

Presented at the 1940 Conference of the Oil and Gas Power Di- 
vision, Asbury Park, N. J., June 19-22, of Tum AMERICAN SOCIETY OF 
MEcHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


rod bolt and by over-all balance. In the case of most multi- 
cylinder engines, the over-all inertia forces and couples are 
balanced out to zero but, in the heavy-engine industry, there 
are many forms of machines built which are not in themselves 
inherently balanced, and lightweight alloys are of importance in 
reducing these forces considerably. 

It is not the purpose of this paper to enter into details of piston 
design, as that in itself could quite readily become the subject 
of a separate discussion. However, since the piston is an impor- 
tant element in the reciprocating masses, the general design will 
be touched upon. Various combustion systems and general engine 
designs call for various shapes in the piston head and these shapes, 
of course, vitally affect the stress and deflection in the top of the 
piston. No attempt is here being made to take into account 
the variations in stress and deflection due to these shapes. The 
head of a piston should logically be considered as a uniformly 
loaded plate with fixed edges. If it were freely supported, the 
maximum stress would always be at the center; but considering 
the plate fixed at the edges, most authorities agree that the 
maximum stress occurs at the edges. Taking all of the theories 
into consideration, it has been generally accepted in recent years 
that the ideal design for the head of a piston is that of uniform 
thickness. For uniform thickness and a uniform load with 
fixed edges the maximum stress at the edge becomes 


es swr? 


4? 


and the stress at the center becomes 


where S = tension stress, psi; w = distributed load, psi; r = 
radius of plate to point of fixation, in.; t = thickness of plate, in.; 
and m = Poisson’s ratio, approximately 0.3. 

Aside from mechanical-stress considerations, however, the 
heat-flow factor is probably of greater importance. The shape 
of the piston head and its point of connection into the side walls 
must be such as to permit heat flow readily without creating 
concentrated stresses. It is difficult to state a definite rule for 
the thickness of piston heads from the standpoint of heat flow 
because each design is a distinct problem in itself, being de- 
pendent upon such factors as compression pressure, cycle, operat- 
ing speed, type of service, horsepower, and ring setup. In alumi- 
num alloys, it is also necessary to consider whether the piston is a 
forging, a sand casting, a semipermanent mold casting, or a full 
permanent mold casting. Taking this into consideration, in 
addition to mechanical stresses, the thickness of the piston head 
has finally become a rather empirical value secured through 
experience, 

The following values of ti, shown in Fig. 1, have been found 
quite successful: 


3 Grashof’s formulas as given in ‘‘Handbook of Engineering 
Fundamentals,” by O. W. Eshbach, John Wiley & Sons, Inc., New 
York, N. Y., 1936. Also “Applied Elasticity,” by S. Timoshenko and 
J. M. Lessells, Westinghouse Technical Night School Press, East 
Pittsburgh, Pa., 1925. 


499 


500 TRANSACTIONS OF THE A.S.M.E. 


ut 


Section BB 


Loaf 
Eero 
LY, Seas 


S 
Lge 
LL 
gaS= 
Eat 
LLL LLL 


Neutral Ax/S 


2. 
UE 


x 
& 


Fig. 1 Pisron Connectinec-Rop AsSsEMBLY 


Four-cycle Diesel, cast iron...............--- t; = 0.11D to 0.13D 
Four-cycle gas, cast iron...................-: ti = 0.12D to 0.14D 
Four-cycle Diesel, aluminum...............-. ti = 0.13D to 0.16D 
Two-cycle Diesel, cast iron.................- t = 0.16D to 0.18D 
Trwo-cy cle; gas, Cast iNOW... 04% j gnc ae deter eden ti = 0.20D to 0.22D 


where D = piston diameter, in. These values apply only to non- 
cooled pistons. The thickness of cooled piston heads may and 
should be materially less than the foregoing. 

It is necessary to retain a considerable thickness of metal 
where the piston head joins the ring belt, but this may then, of 
course, taper considerably toward the lower rings. The total 
thickness of metal at the lower compression ring should be ap- 
proximately 0.10D for cast iron, while a factor of 0.13 is more 
nearly correct for aluminum. In the latter case, the increased 
thickness is for the purpose of relieving stresses rather than pro- 
viding heat flow (see t, Fig. 1). 

The skirt thickness, provided it is well ribbed against distor- 
tion, is mostly dictated by foundry considerations. The common 
factor to be used for the thickness of the lower end of the piston 
skirt, t; Fig. 1, exclusive of any ribbing, is 0.025D to 0.035D. It 
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need not be mentioned that sudden changes of sec- 
tion in the stressed portion of pistons should not 
be tolerated and that proper support of the load on 
the piston-pin bosses is of the utmost importance. 
It will be noted that, in practically all modern cast- 
iron pistons, some form of baffle plate is iserted be- 
neath the piston head. This has been found to be 
practically a necessity in cast-iron pistons, because 
the piston head frequently runs at such a tempera- 
ture as occasionally to cause crankcase explosion. 
This baffle completely seals the crankcase from the 
hot head. Of course, with aluminum pistons such a 
baffle is unnecessary, because of increased heat-flow 
characteristics and resulting low temperatures. 


WRISTPINS 


The term wristpin does not necessarily refer to 
piston pins for trunk pistons only, but also includes 
crosshead pins. There are three general types of 
wristpins used, namely, tight in the piston, full float- 
ing, and tight in the connecting rod. Minimum deflec- 
tion is desired to maintain uniform distribution of load 
on the wristpin bearing. Some types of wristpin con- 
structions result in quite high bearing pressures, and 
this uniform distribution of load is necessary in order 
to avoid areas of highly concentrated bearing pres- 
sures and subsequent damage to the wristpin bearings. 

However, from a stress standpoint, it is desirable 
to determine the bending stresses by the most severe 
consideration of loading. This would be to consider 
the entire peak cylinder-pressure load as concentrated 
at the center of the wristpin, with the wristpin con- 
sidered as a simple supported beam, and the reac- 
tions approximately at the longitudinal center of the 
pin extension into the piston bosses. Bending stresses 
and shear stresses from standard beam formulas 
can be determined and combined to give the maxi- 
mum stress. It is suggested that the allowable stress 
be based upon a factor of safety of approximately 10 


Neutral axis 


Fie, 2  Eyn-Tyrn Rop Enp 


» load application is 


BOYER, KUIVINEN—STRESS AND DEFLECTION IN RECIPROCATING PARTS OF ENGINES 50T 


on the ultimate strength of the material used. Pins so pro- 


-. portioned will usually be found to have sufficient stiffness. 


When the wristpin is tight in the connecting rod, the stress and 

deflection are somewhat less than the results determined by the 
foregoing method of calculation, due to the supporting effect of 
the connecting rod. It is advisable, however, to calculate all 
_ types of construction by the severest consideration of loading. 
» A successful method of obtaining rigidity in wristpins, and 
lightweight reciprocating parts, so as to obtain uniform loading 
on the wristpin bearing is illustrated in Fig. 1. This type of 
construction is best applied to single-acting engines or com- 
pressors and not to double-acting machines, for in the latter it 
becomes difficult to obtain sufficient bearing area for the return 
| stroke. It is also particularly applicable to two-cycle engines and 
to four-cycle machines where the gas-pressure load is always 
, higher than the inertia load. The piston or crosshead end of the 
~ connecting rod is saddled and bolted to the wristpin. The thrust 
sides of the bosses in the piston (or crosshead) are extended almost 
to join at the center. A much greater bearing area is obtained on 
the thrust side. The bushing is cut out on the lower side to pro- 
vide space for the saddle part of the con- 


The eye cross section should be small enough so that P, as 
determined by Equation [3], comes out considerably less 
than the actual load to be applied on the connecting-rod eye. 
Calling the actual load P,, the direct tensile stress on the cross 
section of the top of the eye is 


where A = cross-sectional area of eye. The maximum tensile 
stress in the eye is the sum of the stress from the bending moment 
M, Equation [4], and the direct tensile stress obtained from Equa- 
tion [5]. 

Large sweeping radii should be used to join the wristpin eye 
to the column of the connecting rod, 

For the saddle type of wristpin design, the bolts on single-acting 
four-cycle engines must withstand the inertia force of the piston 
and wristpin (plus piston rod and crosshead on crosshead-type 
engines). On other engine types, the bolts must withstand the 
maximum load determined by analysis of the loading conditions. 
These loads are resisted by tensile stresses in the bolts and failure 
would cause considerable damage to the engine. Therefore 


necting rod. The wristpin “beam length” 
) is considerably shortened, thus reducing 


— 
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bending stress and deflection. 


ConNECTING Rops 


The wristpin eye of the solid-eye type 


of connecting rods, wherein the eye is round 
(not wedge-adjusted wristpin bearings) may 
be designed as follows for stresses and de- 
flections.4 This method gives lightweight 
construction without excessive bending 
stresses. The method to be outlined has 
been actually checked experimentally by the 
authors on model connecting-rod eyes and 
found to be quite satisfactory. It is realized 
that the method of calculation of connecting- 
rod eyes has always been a controversial 
subject. It is hoped that other viewpoints 
will be presented in the discussions. 

Knowing a definite wristpin diameter, 
bearing-performance experience will enable 
the designer to choose a definite clearance 
between wristpin eye and the pin. The pull 
\ on the ring necessary to take up this clear- 
ance is 


3EI 
P= 0.137R* 


where P = pull on the eye, lb; 6 = reduc- 
tion of eye diameter in a plane 90 deg to 
the load P, in.; I = cross-section moment 
of inertia; R = radius to neutral axis of 
ring cross section, in., as shown in Fig. 2. 
Then the bending moment at the point of 


M = 0:318PRUE 8 [4] 


From the foregoing moment M, the bend- 
ing stress can be determined by the formulas 
for curved beams described later in detail 
under “‘Connecting-Rod Bearing Caps.” 


4“Strength of Materials,’’ by S. Timoshenko, 
D. Van Nostrand Company, New York, N. Y., 
1930 edition, pp. 436-440. 
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stresses must be conservative and material must be high-strength 
steel. A factor of safety of approximately 12 to 13, based on the 
ultimate strength of the steel, is recommended. 

“The wings of the saddle type of connecting rod, through which 
the wristpin bolts pass, are partly held at their sides. However, 
to simplify the method of calculating the depth required, it is 
convenient to consider them as simple cantilever beams with the 
bolt load as the applied load. The length of the cantilever beam 
is the distance y shown in Fig. 1. Bending stress at the junction 
of the cantilever and the main shank of the connecting rod should 
not be more than the ultimate strength divided by about 10. 

For the main-column section of the connecting rod, three 
cross-sectional types are used: J-beam, round, and rectangular. 

The minimum area of any cross section should be such that 
the compression stress per square inch of area from peak cylinder 
load is not more than the ultimate strength of the steel divided by 
approximately 7. 

In addition to direct stress on the minimum cross-sectional area, 
the connecting rod is a column and should be designed for safe 
stress as a column. When bending in the plane of the crank- 
shaft center line, both ends of the column are considered fixed, 
with the column length as the distance from the crankpin center 
line to the wristpin center line, Fig. 3(0). Rankine’s formula for 
short columns has been found to be the most satisfactory, as 
very rarely is the I/r ratio of connecting rods greater than 120. 
When bending in a plane 90 deg to the crankshaft center line, 
the ends of the rod are considered free, Fig. 3(a). Thus, in the 
latter direction, the cross section of the rod must be designed with 
a greater radius of gyration 7 than in the other direction. Ran- 
kine’s formula for short columns is 


SS COO SE Ul os cocsnscesoe se [6] 


where P = total thrust load on rod, lb; A = cross-sectional area 
at mid-point of rod, sq in.; k = 0.00004 for columns of fixed 
ends; k = 0.00016 for columns with free ends; / = length of rod 
from center line of crankpin to center line of wristpin, in.; r = 
radius of gyration of mid-point cross section in the direction that 
bending is being considered, in.; and S, = column stress, psi. 
The latter value should not exceed the ultimate tensile strength of 
the material divided by a factor of safety 6.5. 

Using this method of design, it is quite obvious that the maxi- 
mum stiffness and strength, with the minimum weight of material, 
is obtained by the use of I-beam cross-sectional shapes with the 
long axis of the J-beam in the plane 90 deg to the crankshaft 
center line. On:some types and sizes of engines, where a low rate 
of production does not warrant the expense of dies for forging 
the I-beam section, it is more economical to use either the round 
or rectangular shape. 

The crankpin end of the connecting rod must be made stiff to 
prevent bending of the bolts holding the cap, and to prevent de- 
flection of the crankpin-bearing shell. Most failures of crankpin- 
bearing bolts and some failures of crankpin bearings may be 
attributed to the lack of stiffness in this end of the connecting 
rod. It is impractical to state the maximum allowable deflection 
in this end of the rod as this must be judged mostly by experience 
obtained from previous designs. The ideal deflection would, of 
course, be zero which is obviously impossible. 

The flanges of the I-beam of the connecting-rod shank should 
be extended right to the bearing-shell backing to help stiffen the 
support for the bearing, as shown in Fig. 1. The angular cross 
section on approximately a radius from the center line of a 
crankpin bearing to the curve where the rod flares out to form 
seats for the bolts should also be of I-beam cross section for great- 
est rigidity with minimum weight. The bolts should be fitted 
at the joint between the rod foot and the connecting-rod-bearing 
cap, or heavy closely fitted dowels should be used. 
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A lightweight design which caused considerable difficulty in 
broken bolts, due to deflection of the rod foot, is shown in Fig. 
4, A comparison of Fig. 4 with Fig. 1 will show the great gain 
in stiffness in the latter design with only a slight increase in 
weight, the increase in stiffness being in the ratio of approxi- 
mately 4.5 to 1. The type of design shown in Fig. 1, which is now 
more universally used, has eliminated crank-bolt breakage previ- 
ously caused by bending, due to deflection of the crank end of the 
connecting rod. It can also be shown mathematically that the 
centrifugal force of the rotating end of the connecting rod applied 
outward, when crank and connecting-rod center lines are approxi- 
mately 90 deg with each other, that the deflection of the design, 
shown in Fig. 4, will cause a bending stress in the bolts of approxi- 
mately 34,000 psi. Adding to this the direct tensile stresses on 
the bolts, we find that the actual working stress is practically at 
the endurance limit of the material. This accounts for the 
failures. 


CRANK-BEARING Bouts 


In four-cycle engines, the crank-bearing bolts must withstand 


in tension the force due to reciprocating inertia plus the cen- 
_ trifugal force of the rotating end of the connecting rod (less that 
+) caused by the connecting-rod cap). In other types of engines, 
particularly double-acting engines, the actual maximum load 
must be determined by a complete analysis of loads for the 
entire cycle. The proportion of rotating and reciprocating 
») portions of the rod can be determined by calculating its center of 

‘ gravity or by weighing simultaneously the assembly on two scales. 
) Crank-bearing bolts are very vital parts of an engine and 
failure may cause considerable damage to the balance of the 
engine. For this reason, stresses must be conservative and the 
material should be the best steel that is obtainable. A factor 
of safety of approximately 12 to 13, based on the ultimate strength 
- of the steel, is recommended in selecting the bolt size for a known 
- working load. Heat-treated chrome-molybdenum steels of ex- 
cellent physical properties, both in ultimate tensile strength and 
impact resistance, can be obtained. On assembly, these bolts 
should be tightened to give an initial stress of approximately 
twice the actual working stress. 

It has been suggested that an important part of an engine, 
such as a crank-bearing bolt, should be replaced with a new one 
') after a certain period of service because the bolt “fatigues” and 

/must be replaced or it will ultimately fail. This should not be 
' necessary if the engine is so designed that these bolts are not 
stressed to the endurance limit of the steel being used. Physical 
research on steels has proved that, when repeated stresses, be- 
low the static ultimate strength of the steel, are applied, failure 
occurs after a certain number of cycles. However, as various 
stresses are applied, there is a stress value below which the re- 
peated loads can be applied with an indefinite number of cycles 
without failure. Research laboratories have accepted 10,000,000 
cycles as the point of measurement of the endurance limit. 
Therefore, if the stress is at such a value that the specimen will 
absorb 10,000,000 or more cycles without failure, it will go on 
indefinitely without failure at this stress. As long as the actual 
stresses used on the bolt are safely below this value, known as the 
“endurance limit,’ these stresses therefore could be repeated 
indefinitely without failure. The fallacy of the practice of 
changing bolts every few years is apparent when considering 
that it would be necessary to change them perhaps each week or 
each month, depending upon engine speed, in order not to exceed 
10,000,000 cycles. 


~~ 


ConneEcTING-Rop-BEARING Caps 


Regardless of the shape proposed for the cross section of the 
connecting-rod-bearing cap, the cap stress should be determined 
by the most severe consideration in order to gain rigidity. 
Again, it is not practical to state what definite deflections should 
be permitted, because the ideal would be zero and the limiting 
value is determined by good performance experience. The 
simplest method of gaining rigidity is to consider the cap as a 
freely supported curved beam. The supports are at the crank- 
bearing-bolt center lines and the maximum load applied to the 
center of the cap as a concentrated load. The actual total load in 
all crank-bearing bolts, obtained from a study of the forces 
| (inertia forces and others), can be this concentrated load. Again, 
i I-beam cross sections give the most strength and rigidity with 
the least weight. 

The bending moment on the beam is the simple beam formula 
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where M = moment, in-lb; P = load on cap, lb; and X = dis- 
tance from nearest bolt to cross section under consideration, in. 

The stress caused by moment M in Equation [7] is determined 
by using the straight beam-stress formulas and applying a cor- 
rection factor K. These K values are given in Fig. 5 for various 
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types of cross sections. Thus, the stress at the section being con- 
sidered is 


where Ss = bending stress, psi; M = bending moment from 
Equation [7]; c = distance from neutral axis to extreme fiber on 
side (tension or compression) being considered, in.; J = cross- 
sectional moment of inertia, in.4; K = correction factor for curva- 
ture of beam and is variable depending upon shape of cross sec- 
tion and also on R/c, where R = radius of curvature of path of 
neutral axis at point where the cross section is being studied and 
c, = distance from neutral axis to extreme fiber on concave side 
of curved beam. 

Thus, for a connecting-rod cap with a load P on the concave 


side we have 


Sz = KiMe/I faci SIRES Os nan Sch, [8a] 
compression on the inner fiber in psi, and 
S; = K.oMe/T LE CNC elo eae EERE Se [8b] 


tension on the outer fiber, psi. In Equations [8], A: = correction 
factor for inner fiber; K2 = correction factor for outer fiber; ¢ 
= distance to inner fiber, in.; and c,; = distance to outer fiber, in. 
Both K; and K» are given in Fig. 5 for the determined value of 
R/c, for a definite section shape. 

By referring to Fig. 1, a better tie-in of the foregoing method 
to solving an actual problem is apparent. Various cross sections 
of the cap should be analyzed for stress in the same manner. At 
section CC in Fig. 1, note that there is a small radius where a 
flat is milled to prevent the head of the crank-bearing bolt from 
turning. Even if this radius is made as generous as possible, the 
tension stress at this point, as determined previously, should be 


5 Fig. 5 is reproduced from Seely’s results in ‘Handbook of Engi- 
neering Fundamentals,” reference (3), pp. 5-34. 
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increased by 50 per cent to allow for stress concentration due to 
this fillet. 

It is suggested that the allowable bending stress on the cap, 
when determined as described previously, should not exceed ap- 
proximately 10 per cent of the ultimate strength of the material 
used, 


Piston Rops FOR CROSSHEAD-TYPE ENGINES 


The actual load on the piston rod, both in compression and 
tension, should be determined by a careful analysis of all the 
forces occurring during the engine cycle. 

Piston-rod stresses in compression should also be determined by 
using Rankine’s formula for short columns. The column should 
be considered fixed at the crosshead end and rounded and free at 
the piston end. This consideration gives the following formula 
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where S, = column stress, psi; P = total thrust load on rod, lb; 
A = cross-sectional area of rod, sq in.; 1 = length of piston rod 
from center line of crosshead to center line of piston boss, in.; 
r = radius of gyration of cross section of rod, in.; for solid circu- 
lar rods r = d/4, while for hollow circular rods 


r= V@— d)/4 


where d = outside diameter, in., and d; = inside diameter, in. 

A factor of safety of approximately 5.5 based on the ultimate 
strength of the material is suggested. 

For tension loads on the piston rod, the direct tensile stress on 
the least cross-sectional area (which may or may not be less than 
A given in Equation [9]) should not exceed about 10 per cent of 
the ultimate strength of the material. 


_ Some Particulars of Design and Operation 
of Twin-Furnace Boilers 


q By JOHN BLIZARD,'! NEW YORK, N. Y., anp A. C. FOSTER,? NEW YORK, N. Y. 


This paper outlines the advantages to be gained by 
making a boiler with two furnaces instead of one. These 
advantages comprise a lower furnace exit-gas temperature 
| in a boiler provided with two furnaces than in a boiler 
_ with a single furnace, for the same rate of heat liberation 
|. per unit of furnace volume. Further, it is pointed out 
that, when a radiant superheater is installed in one of 
the furnaces, the final temperature of the steam may be 
controlled over a wide range of steaming by suitable ad- 
justment of the rate of firing in both furnaces. A par- 
ticular boiler generating 750,000 lb of steam per hr with 
two furnaces, fitted with both radiant and convection 
, superheaters, is described and some particulars of its 
} operation are given. Other boilers with two furnaces 
and provided with radiant superheaters are also illus- 
trated and described. 


ratio of the area of the walls of the furnace to the volume of 

the furnace decreases. In fact for precisely geometrically 
similar furnaces, cooled by steam or waterwalls, doubling the 
linear dimensions of the furnace halves the ratio of the cooling 
surface to the volume of the furnace. Furnaces, however, are 
designed to give approximately the same rate of liberation of heat 
per unit volume regardless of the size of the furnace and, conse- 
quently, the gases will leave the large furnace at a higher tem- 
perature than they will leave the small furnace under these condi- 
tions. With many fuels, this offers no difficulties but for others 
it means that the gas and the ash, which accompanies the gas, will 
enter the convection heating surface of the boiler and super- 
heater at so high a temperature that ash will be deposited on the 
boiler and the superheater tubes. This restricts the flow of gas, 
changes the superheat, and, to some extent, reduces the efficiency 
of the unit. 

In order to obviate these difficulties the fuel may be burned 
in two or more furnaces, whereby the ratio of cooling surface to 
) total furnace volume is increased and the temperature of the gas 
leaving the furnaces may be reduced to a temperature low enough 
to prevent the deposition of molten ash on the convection heat- 
ing surface. The furnaces themselves may be cooled either by 
waterwalls or a radiant superheater. The waterwall and super- 
heater tubes should be bare, in order to cool the gases to the great- 
est extent and as early in their passage from the burner as possible, 
since this not only reduces the likelihood of slag depositing on the 
walls but also, by decreasing the mean temperature in the furnace, 
increases the time taken by a particle of coal to pass through the 
furnace, thus giving it more time in which to burn. 

The use of two furnaces instead of one presents: (a) An oppor- 
tunity to install a superheater in one or more of the walls of one 


\E IS well known that, as the size of a furnace increases, the 
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of the furnaces where, by regulating the relative rates of combus- 
tion, final temperature of the steam may be held constant or va- 
ried as required over a wide-range load; (b) less time is required 
in starting than where only one furnace, in which there is a super- 
heater, is employed. This is accomplished by firing a small 
amount or no fuel in the superheater furnace until steam gener- 
ated by fuel fired in the water-cooled furnace passes through the 
superheater. 


TyricaL Moprrn Twin-FurRNACc® BOILER 


In some designs it has been found desirable to place the entire 
amount of superheating surface in one of the furnaces, while in 
others it has been found more desirable to place only a part of the 
superheating surface in the furnace and to superheat the steam 
further by means of a conventional convection superheater. This 
general principle of design has been adopted for several boilers 
now in use, one of which is in operation at the plant of the Ohio 
Power Company, at Power, West Va. This boiler has been in 
operation for more than a year and has proved its ability to de- 
liver steam at a constant temperature over a load range of 325,000 
to 800,000 lb of steam per hr with no undue difficulties from depo- 
sition of slag on the heat-absorbing surface. 

Cross sections of this boiler are shown in Fig. 1 and some par- 
ticulars of the design are given in Table 1. 


TABLE 1 DESIGN DATA OF OHIO POWER COMPANY 
TWIN-FURNACE BOILER 


Plesigty PrEsaur Oy, Vl sia < sis oc/o «41s sisieiel sal ardiele ious 4s lelaleaie nia. e mele gis.» 
Pressure leaving superheater, PSi........csssereeecsessevenseee 
Final temperature of steam, F..........ccccccccrecereeseesers 
Design steam capacity, Ib per briscsecsccesececsesdusccesccecs 
Design heat release, Btu per cu ft per hr.. 
Volume of furnace, cu ft...............- 
Height of furnace, ft 


Boilerandiwaterwalls; Sd ib. «scecssisleicise ciscleie)elemieicials(ohs\ovoie's) ela 15500 
Economizer, sq ft..........-+ 34800 
Convection superheater, sq ft.. 18000 
Aly eatery Sel itres ac vin: asic store oxide € siacttele y/Saaje'4 ois alelel= = alsie/nyainiaceie 47800 
Distribution of projected surface 
in furnaces below screen tubes 
Left-hand Right-hand 
side, sq ft _side, sq ft 
Front ‘and rear walls. .....-..cc0cscovavescsrs 1040 1040 
Divistombwy ascitic sis eteiates oircicio leteisterslaioloraheleloxe 780 780 
Pettshandiwallcecc cise cis s siecle cles alo siajeietaisia'e wm 920 AS 
Ripht-hatadewallevicteiswrscs «sore cieia cleetejete sine) si0 be 
Radiant superheater Fy a0 940 
Bereen tubes snc cc secs scavescseccwcs 220 210 
Total 2960 2970 


As indicated in Fig. 1, the left-hand furnace is cooled entirely 
by waterwalls, while the right-hand furnace is cooled by water 
on all walls except the right-hand wall in which is a radiant super- 
heater. The division wall between the two furnaces consists of 
two rows of tangent tubes, which effectively screen one furnace 
from the radiation of the other and substantially prevent any ma- 
terial passage of gas between the two furnaces. 

The mixture of water and steam leaving the division-wall tubes 
enters the small drum at the top of the division wall and is con- 
veyed through four rows of staggered tubes, spaced 28 in. hori- 
zontally and 14 in. vertically, to the side walls of each furnace. 
These widely spaced tubes form a slag screen through which the 
gases pass to an intervening chamber before entering the nest of 
boiler tubes. 
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BLIZARD, FOSTER—SOME PARTICULARS OF DESIGN, OPERATION OF TWIN-FURNACE BOILERS 


The sloping portion of the boiler tubes also is widely spaced, 
i.e., 28 in. horizontally and 14 in. vertically. The upper bank 
is staggered with respect to the lower one but the tubes in each 
bank are in line. The boiler tubes in the vertical part of the tube 


_ bank are spaced 14 in. apart horizontally in the direction trans- 


verse to the flow of gas. 

On leaving the boiler heating surface the gases pass over the 
convection superheater which consists of 2-in. tubes on 31/,-in. 
centers, then to an extended-surface economizer and two regenera- 
tive air heaters. 

Two steam drums are provided. All the risers of the boiler 
and waterwalls enter one drum, called the turbulent drum. Some 


of the water and all of the steam then pass to a second drum in 


which a steam washer and drier are installed. From this drum, 
the steam passes first to the radiant superheater and thence to 
the convection superheater. 

The boiler and waterwall downcomers are taken from both 
drums and are arranged so as to convey the water by a simple and 


. direct path to the supply headers of the boiler and waterwall. 


To maintain a uniform level of water throughout the length of 
the drums, the water leaves the drums through a series of con- 
nections spaced along the length of the drums, which eliminates 
longitudinal flow of water along the drums. Before leaving the 
turbulent drum, the water passes over a weir, which facilitates 
the removal of steam from the water before it enters the down- 
comers. The downcomers are not heated. This reduces the re- 
sistance to flow, gives a greater gravitational head at the entrance 
to the risers and a greater ratio of water to steam in the waterwall 
and boiler tubes. 

The boiler is fired by coal which is pulverized in three ball 
mills, each having a capacity of 141/, tons per hr. The mills are 
equipped with two exhausters apiece, each of which is arranged 
to fire two burners in each furnace. The twelve burners, of 
intertube type, are near the bottom of the front wall, in two 
rows of three burners in each furnace. With this arrange- 
ment, fuel is distributed uniformly across the full width of the 
furnace. The flame from the burners travels toward the rear 
and then upward through the slag screen to the boiler. The 
ash, which falls to the bottom of the furnace, is removed in dry 
form. 

The temperature at which the gas reaches the convection super- 
heater, as calculated from the temperature of the gas leaving the 
economizer where it was measured by a bare thermocouple and 
the heat balance on the superheater and economizer, is of the 
order of 1850 F at the designed load, so that no sticky ash is de- 
posited on the convection superheater. 

Fig. 2 shows how the temperature of the final steam varies 
with the rate of steaming. It will be seen that the final tem- 
perature remains practically constant at 925 F over a range of 
about 750,000 Ib of steam per hr to 325,000 lb of steam per hr. 

On the same chart is shown the temperature at which the 
steam leaves the radiant superheater and it will be observed 
that, as the rating decreases, this latter temperature increases 
which is brought about partly by this being an inherent char- 
acteristic of radiant superheaters and partly by firing at a some- 
what greater rate in the superheater furnace than in the saturated 
furnace at the lower loads. 

Had there been no radiant superheater and, if it were felt de- 
sirable to keep the temperature at which the gas enters the con- 
vection superheater down to about 1850 F at full rating, it would 
have been necessary to increase the surface of the convection 
superheater in order to obtain the final steam temperature of 
925 F at the full output of the boiler. 

Had this unit been of the usual design with a single furnace 
and convection superheater, but with gas entering the super- 
heater at about 1850 F at full rating, it would have been neces- 
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sary to install a much larger convection superheater in order to 
maintain a constant steam temperature of 925 F over a range of 
325,000 to 750,000 lb of steam per hr by by-passing the gases 
around the superheater at the higher rates of steaming. 


INSTALLATION Has GREAT FLEXIBILITY 


An interesting example of the flexibility of this boiler is shown 
in Fig. 3. The operators of the plant at one period asked to have 
a supply of about 500,000 lb of steam per hr at a temperature no 
higher than 800 F which is about 75 deg lower than the final tem- 
perature at which the boiler at that time was being operated. 
Fig. 3 shows the results of a test made to determine if this could 
be done. As the rate of firing in the superheater furnace relative 
to that in the waterwall furnace was decreased, the temperature 
of the steam leaving the radiant superheater decreased, resulting 
in a final steam temperature of about 775 F. This represents a 
drop of 100 deg below the normal temperature at which the unit 
was being operated at that time, and was 25 deg lower than had 
been requested by the operators. 

Initially it took 24 hr to bring the unit up to design pressure, 
but now it is customary to take 12 hr to bring the boiler from zero 
to line pressure. It is believed that this can be accomplished in 
8 hr without imposing any undue stress on the pressure parts. 
However, the longer period is preferred, since it is believed that 
care taken when starting minimizes troubles due to leakage, at 
rolled joints particularly. 
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The normal procedure of firing the boiler when starting is as 
follows: Two oil torches are ignited in the waterwall furnace and 
one in the superheater furnace. The latter torch is kept near 
the division wall and remote from the superheater. When a 
pressure of 230 psi is reached, the unit delivers steam to the low- 
pressure header and coal is then fired through the two center 
burners in the waterwall furnace. At this time about 100,000 
lb of steam per hr is being made and the pressure is increased at a 
rate of 200 psi per hr until the pressure reaches 1200 psi. 

Additional coal burners are then fired in the waterwall and 
superheater furnace and the pressure and temperature of the 
steam leaving the superheater adjusted to meet the requirements 
of the turbine. The boiler is then connected to the high-pressure 
header. 

Great care was taken in putting this unit into service to avoid 
overheating any part of the unit and to avoid heating any part so 
rapidly as to set up undue stress. When putting the boiler on the 
line for the first time, the rate of firing was so adjusted that tem- 
perature rise of water in the boiler did not exceed 25 deg per hr. 


TEMPERATURES TAKEN OF STRUCTURE AND Parts 


When starting, temperatures were measured by means of ther- 
mocouples at various parts of the unit. These temperatures in- 
cluded those of the boiler tubes entering the steam drum, water- 
wall tubes, temperatures on vertical boiler headers, temperatures 
of the beams supporting the economizer, temperatures on the 
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outside of the drum at the top of the division wall, temperatures 
on the No. 3 turbulent drum, which is the steam drum to which all 
riser tubes are connected, economizer-casing temperatures, tem- 
perature of girders and beams supporting the economizer, econo- 
_ mizer tube sheet, temperature of radiant superheater tubes, con- 
vection superheater tubes, temperature of gas entering super- 
heater, final steam temperature, etc. These temperatures were 
checked every hour and some of the more important temperatures 
oftener than this. 

In Figs. 4 and 5 some of the readings taken, when starting in the 


’ usual manner, are shown graphically over the range of zero to 


400,000 Ib of steam per hr. 

At the top of Fig. 4 are points showing the temperature on the 
bend of a riser entering the turbulent drum. A series of points, 
near these points, represents the temperature of the water in the 
boiler. The top of the bend of the riser is situated at a point 
where the ratio of the steam to water is highest in these risers. 
Its temperature was close to that of the saturation temperature 
throughout, although it is interesting to note that it exceeded the 
saturation temperature by more at the lower pressures and rates 
of firing than at the higher pressures and rates of firing. This 
temperature was measured at an elevation above that of the level 
of the water in the drum so that when starting there was no water 
in the tube at this point but, as the rate of firing increased, the 
circulation improved and the temperature of the tube approached 
that of the water. 

Temperatures of the outer walls of No. 1 drum, which is the 
drum above the wall dividing the furnaces, and of No. 3 drum, 
which is the turbulent drum, are shown to be the same as the 
saturation temperature. 
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The levels of the water in the gage glasses on the turbulent (No. 
3) and quiet drums (No. 2) are shown near the bottom of Fig. 4, 
and it will be seen that, when the load rises, the level in the tur- 
bulent drum rises above that in the quiet drum. 

A further set of readings of the difference between the levels in 
the steam drums was taken during normal operation of the 
boiler. These readings are shown graphically by curve 3 in Fig. 
6. Curve 2 shows the pressure required to force the steam from 
the turbulent to the quiet drum. Curve 1 is constructed by add- 
ing the ordinates of curve 2 to those of curve 3 and represents 
the pressure required to force water from the turbulent drum to 
the quiet drum. It will be seen that the circulation of water in- 
creased as the load increased. 

Fig. 5 shows how the temperatures of a tube sheet supporting 
the economizer elements of the casing plate, surrounding one of 
the girders which supports the economizer, and of the gas to the 
superheater, increased as the boiler load was increased on starting. 

At the bottom of the furnaces of this boiler are inclined walls 
beneath which are openings leading to an ash sluice. The dis- 
tance between the burners and the bottom of the furnace is great 
enough to prevent any material circulation of the products of 
combustion immediately above the ash hoppers, which means 
that the gas in this space is comparatively cool, so that the ash 
itself in falling to the hoppers is cooled sufficiently to enable it to 
be removed without difficulty. It has never been necessary to 
use a furnace-cleaning tool or lance on the furnace hoppers. 

The only soot blowers in the furnaces are those used to clean the 
radiant superheater. These are stationary nozzles placed in the 
front and rear wall of the furnace, by means of which the radiant 
superheater may be cleaned thoroughly. 
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The extent and frequency of cleaning the radiant superheater 
is under the control of the fireman who has the soot-blower nozzles 
operated, when the rate of firing in the superheater furnace to 
produce the final steam temperature of 925 F becomes unduly 
high for the particular load at which the boiler is operated. 

The unit as a whole is kept clean by the use of soot blowers 
and a small amount of hand lancing. It is interesting to note that 
there has been no loss of capacity or outage of this unit due to 
slagging. One man per shift does all of the soot blowing and hand 
lancing and empties the soot hoppers. The slag-screen tubes 
above each furnace are lanced by hand as often as may be re- 
quired which is between once or twice a shift, depending upon 
the kind of coal being burned. 

The accumulations on these tubes are dislodged very easily 
when hand-lanced. The rate of accumulation is greatest at loads 


TABLE 2 TYPICAL GAS AND WATER TEMPERATURES 


Date of test (1940)... July 4 June22 Junel6 Junel5 July3 July 2 
Hours at rating...... 6 6 4 5 5 4 
Rating, 1000 lb per hr 440 500 640 700 700 735 
Gas temperatures: 


To economizer..... 1008 1014 1120 1133 1130 1153 
To preheaters...... 518 518 561 575 569 581 
Temperature drop.. 490 496 559 558 561 572 
From preheaters. . . 329 325 358 368 357 365 
Temperature drop.. 189 193 203 207 212 216 
Air temperatures: 
From preheaters. . . 400 389 411 415 407 410 
To preheaters...... 113 96 100 100 99 103 
Temperature rise... 287 293 311 315 308 307 
Water temperatures: 
Economizer outlet. 562 554 566 570 567 569 
Economizer inlet... 404 400 400 400 401 400 
Temperature rise... 158 154 166 170 166 169 


between 500,000 and 600,000 Ib per hr. Below 500,000 lb per hr 
and above 600,000 lb per hr, the rate of accumulation is small and 
the time and labor of hand lancing correspondingly reduced. 

The amount of hand lancing on the convection heating surface 
of the boiler and superheater is small. In this region dry ash 
builds up on the downstream side of the heating surface until 
most of it falls from the tubes without the aid of steam jets. 


Inlet 


) 
O82 © 
® 
® 
® 
) 


Air Duct to Burners 


PAD. 405-0 
FWB 251-2 


Fie. 7 Marine Boiter WitH SEPARATELY FirED RAapDIENT SUPERHEATER 
~~ (Gases from superheater furnace pass through main furnace.) 


BLIZARD, FOSTER—SOME PARTICULARS OF DESIGN, OPERATION OF TWIN-FURNACE BOILERS 


This boiler operates with an efficiency of about 86 to 88 per 
cent. The CO, in the gas going to the air heater is normally over 
15 per cent. In Table 2, some gas and water temperatures, taken 
during normal operation, are tabulated. 

; Measurements of the impurities in the steam leaving the boiler 
'} indicate that the total solids varies from 0.5 to 0.6 ppm with 
total solids in the boiler water varying from 200 to 1400 ppm. 


SEPARATELY Firep SUPERHEATER MARINE BOILER 


Another type of separately fired superheater boiler is shown 
| in Fig. 7. Two of these boilers have been in use at sea since 
1938, and were designed normally to generate 17,500 Ib of steam 
per hr at 400 psi, 725 F, and at an overload to give twice this 
amount of steam at the same pressure and temperature. They 
are installed on a tanker where at times approximately 30,000 lb 
of saturated steam is required for pumping and 1500 lb of 
superheated steam for other purposes. It will be seen that there 
are two furnaces. In the furnace with the single oil burner is a 
superheater over which the gases from this burner pass and pro- 
ceed through a screen of water tubes to the main furnace where 
there are three burners, and thence to the main-boiler heating sur- 
face. The temperature of the superheated steam is thus under 
complete control since no gases from the three main burners pass 
over the superheater, and comparatively little radiation finds its 
way to the superheater from the main furnace. The bulk of the 
heat absorbed by the superheater is by radiation from the oil 
flame which accounts for the comparatively small size of the 
superheater. 

In order to avoid overheating the superheater tubes, an auto- 
matic device is provided which prevents the burner in the super- 
heater furnace from receiving oil, unless steam is passing through 
the superheater. If at any time the temperature leaving the 
superheater is too high, the supply of oil to the superheater burner 
is automatically cut off. 

No desuperheater is required with this boiler for supplying 
saturated steam since, by varying the rate of firing in the super- 
heater furnace, the superheated steam can be held at the desired 
temperature, regardless of the proportion of the total steam which 
is being superheated. This is contrary to what occurs with a con- 
ventional boiler and superheater since, with this latter arrange- 
ment, if any steam is withdrawn from the drum the temperature 
of the superheated steam rises and, if the quantity withdrawn in- 
creases unduly, the steam in the superheater tubes may rise to too 
high a temperature. 

In a recent paper,’ a steam generator with two furnaces is 
shown which produces steam over a range of 30,000 to 120,000 
Ib per hr at a final temperature of 850 F and 600 psi when fired 
by oil or pulverized bituminous coal. It is required also to gen- 
erate from 30,000 to 90,000 lb of steam per hr at the same pressure 
and temperature with pulverized lignite. Had the usual convec- 
tion superheater been used on this boiler, it would have been im- 
possible to obtain the same steam temperature with these widely 
divergent fuels without arranging for by-passing the gases around 
the superheater in quantities varying with the fuel used. How- 
ever, this boiler has two furnaces, in one of which is a super- 
heater so that by varying the relative rates of firing in the two 
furnaces, the required steam temperature is obtained without 
difficulty. The boiler is similar in principle to the marine boiler 
previously described but differs from it slightly in that the prod- 
ucts of combustion from the superheater furnace, instead of 
passing through the screen of tubes separating the two furnaces 
for the full length of the furnace, pass through an aperture at the 
rear of the superheater furnace to the saturated furnace. Al- 


3 “Superheat Control and Steam Purity in High-Pressure Boilers,” 
by Martin Frisch, Trans. A.S.M.E., vol. 62, October, 1940, Fig. 4, 
p. 607 
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though, in this type of boiler the gases from the superheater fur- 
nace pass through the second furnace and thence to the boiler, no 
trouble has been experienced in burning the fuel in both furnaces 
with a slight amount of excess air. 

A particular advantage with this type of boiler lies in the ease 
with which it may be started. When starting, fires are lighted 
only in that furnace in which there are waterwalls and the gases 
do not pass over the superheater. Thus, there is no danger of 
overheating the superheater when, in starting, no steam flows 
through it. 

Fig. 7 of a previous paper‘ illustrates another type of boiler 
with two furnaces which is designed to generate 100,000 lb of 
steam per hr at 725 psi and 750 F final temperature when fired 
with pulverized coal. It has been in operation at Oil City, Pa., 
since 1935. This boiler is equipped with a convection super- 
heater over which the gases from both furnaces pass. When 
operating the boiler below one-half load, only one furnace is used 
which causes the gases leaving the single furnace to be higher than 
they would be were both furnaces in operation; this in turn raises 
the rate of heat absorption of the convection superheater and so 
raises the temperature of the steam at the lower rates. In fact, 
with this mode of operation, there is but slight variation in the 
temperature of the steam over a range of evaporation of 30,000 
to 100,000 lb of steam per hr. The variation of the temperature 
with the rating is shown in Fig. 8 of the paper‘ referred to. 


SUMMARY 


Three types of boilers each with two furnaces and separate 
means of firing these furnaces have been described as follows: 


1 A boiler with two furnaces, in one only of which is placed a 
radiant superheater. In addition to the radiant superheater, 
there is a convection superheater over which the gases from both 
furnaces pass. 

2 A boiler with two furnaces, in one of which is placed a super- 
heater. It differs from the first type in that the gases from the 
superheater furnace pass through the furnace in which there is no 
superheater. No convection superheater is provided. When, as 
on a ship, a separate supply of saturated steam is required, the 
steam may be taken directly from the steam drum. 

3 A boiler with two furnaces from which the gases pass over a 
convection superheater. No radiant superheater is provided. 


With these boilers, which have two furnaces instead of one, it 
is possible to increase the cooling surface surrounding the fur- 
naces and, by differential firing of the two furnaces, to control 
the steam temperature over a wide range of steaming without 
installing a large convection superheater which has to be by- 
passed at the high loads if the temperature of the steam is to 
be controlled. 


Discussion 


R. 8. Juusrup.® Several interesting features of the design of 
twin-boiler furnaces together with operating data of a large unit 
have been given in this paper. The writer would like to ask some 
questions concerning automatic control of steam output and 
steam temperature with this unit. In the conventional single- 
furnace and convection-type superheater, automatic control of 
steam output and steam temperature may be accomplished by 
any one of several automatic-control systems now available. 
However, with the twin-furnace boiler, a demand, say for in- 


4 ‘What Are Logical Trends in Design for Steam Generation?” by 
H. J. Kerr, John Van Brunt, and Martin Frisch, paper presented be- 
fore Power Division of Metropolitan Section, A.S.M.E., New York, 
N. Y., Nov. 18, 1937 

8’ Harmon-on-Hudson, N. Y. Mem. A.S.M.E. 


creased steam output, would call for increased heat input to the 
saturated furnace. In order to maintain a constant total steam 
temperature, this might necessitate reducing the heat input to 
the superheater furnace. An explanation as to just how this is 
accomplished without a somewhat complicated system of auto- 
matic control would be of interest. The writer would further ask 
what means are employed to advise the operator when the rate of 
firing in the superheater furnace to produce a certain steam 
temperature has become unduly high for that particular load 
and prompts him to use the radiant-superheater soot blowers 
to remove accumulated ash and possible clinker from these sur- 
faces. 

The question of completely bare waterwall tubes or armor-clad 
surfaces in furnaces subjected to high heat inputs with conse- 
quent high furnace temperatures is still debatable. An increase 
in mean furnace temperature from 2000 F to 2500 F would in- 
crease the volume of the products of combustion in the ratio of 
1 to 1.17 or 17 per cent and the velocity head approximately 
0.037 in. water gage. Since complete combustion of a pulver- 
ized-coal particle depends largely upon rapid and intimate con- 
tact with oxygen, viz., turbulence, the particle size, volatile con- 
tent, etc., and also temperature to a lesser extent, the increase in 
the time element in the furnace, which is due to even a large 
increase in furnace temperature would not materially affect the 
completeness of combustion of the particle. 


AurTHors’ CLosuRE 


Mr. Julsrud asks how the temperature of the steam, from the 
large boiler described in the paper is controlled. 

The temperature of the steam is controlled automatically by a 
temperature controller that operates so as to vary the loading 
pressure on the fuel and air controllers for the saturated and 
superheater furnaces in accordance with the requirements. An 
increase in steam output is automatically met by an increase in 
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heat input to both furnaces. Then if the steam temperature is 
low the loading pressure on the fuel controller regulating the 
fuel to the superheater furnace is increased which increases 
the heat input to the superheater furnace. This will increase the 
steam pressure since the total heat input is now more than the de- 
mand so the master pressure controller acts to reduce the input 
to both furnaces. This action is maintained until the steam tem- 
perature is as required. The opposite takes place if the steam 
temperature is high following a change in load. 

Differential pressure gages are provided to indicate to the 
operators the extent by which the flow of fuel to one furnace ex- 
ceeds that to the other furnace. At full load both furnaces are 
fired equally. From experience the operator knows about how 
much difference in differential there should be for the designed 
steam temperature at various loads. When the operating gages 
indicate too great a difference from the normal in fuel flow to 
the superheater furnace he has an indication that the radiant 
superheater needs cleaning. Another indication is obtained from 
the position indicators of the fuel controllers. In addition the 
desirability of cleaning the radiant superheater may be made by 
inspection. 

Mr. Julsrud also discusses the effect of increasing the mean 
temperature of the gases in the furnace from 2000 to 2500 F on 
burning the coal. This increase in temperature would increase 
the specific volume of the gases by 20 per cent and accordingly 
would cause the gases at the lower temperature to take 20 per 
cent longer to pass through the furnace, which would thus give 
the coal 20 per cent longer time in which to burn. He appears 
to infer that since the velocity pressure will be higher at the higher 
temperature, the turbulence will be greater. But velocity pres- 
sure unless taken as a ratio of the pressure gradient is not a 
measure of turbulence. Actually, since the viscosity at 2500 F 
is 11 per cent greater than it is at 2000 F the turbulence pre- 
sumably is less at the higher temperature. 


Condenser Tubes and Their Corrosion 


By CHARLES W. E. CLARKE,! A. E. WHITE,? anp C. UPTHEGROVE* 


The authors present a brief review of the development of 
condensers for steam prime movers, a discussion of some 
of the problems in connection with them that have been 
met and overcome, and a tabulation of returns from a 
| questionnaire. They then describe and report a series of 
’ tests with a miniature condenser with tubes made of 
admiralty metal, aluminum brass, and cupronickel. 
Conditions were as closely as possible a duplication of 
those existing in a working condenser. In addition to 
corrosion tests, impingement tests were made. The au- 
thors present and discuss the results of these tests and 
' grade the tubes tested in order of resistance to corrosion. 
Full information on the tubes tested is presented, with the 
results of metallographic examination of the materials 
of which the tubes were made. The conclusions arrived 
at asa result of a study of the tests are summarized at the 
end of the paper. 


HIS paper has to do mainly with condenser tubes and their 

life as related to the material of which they aremade. How- 

ever, a brief review of the development of condensers, par- 
ticularly as applied to stationary power-plant practices, and a 
discussion of some of the problems that have been met and over- 
come may be of interest. 

The use of condensers to extend the heat range of steam-power 
unitsisold. Infact, Savery and others in the seventeenth century 
used the condensation of steam in a closed vessel to perform work. 
Surface condensers began to come into use along with steam 
navigation but there was little or no development until the advent 
of the steam turbine as an important prime mover. Prior to that 
development, high- or low-head jet condensers were the principal 
means of providing vacuum for engine-driven power units in 
land practice. 

The original surface condenser consisted of a shell containing 
as many tubes as could be crowded in. Vacuum requirements 
were not severe, as these early installations were made in con- 
junction with reciprocating engines. One of the principal land 
uses originally was in connection with pumping engines which 
always provided a cooling-water flow many times the actual needs 
for steam condensation, so that what might be called the “‘sur- 
face efficiency’”’ was not important. 

The original shell full of tubes has given way to tube layouts 
which provide proper steam access to all of the cooling surface. 
This has permitted a great reduction in the surface requirement 
per pound of steam condensed. Pressure drops across the con- 
denser have been reduced from about one half inch of mercury 
in the older designs to a tenth of an inch in present-day installa- 
tions. This is no small item, especially for turbine operation 
where exhaust pressures of one inch of mercury absolute or less 
are the order of the day instead of the 21/: to 3 in. of days gone by. 

An interesting example of the early steps in the improvement 
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of condenser performance occurred in 1908 at the Port Morris 
Station of the New York Central Railroad. The condensers con- 
sisted of a shell packed as full as possible with 4000 tubes. About 
25 per cent of the tubes were removed in such a way as to leave 
three tapering steam lanes leading into the body of the tube bank 
and a fairly wide lane along the top. This change resulted in an 
increase of about one inch in vacuum. 

Vacuum pumps were of the wet-vacuum type, usually driven 
from the shaft of the main prime mover. Later, separately driven 
dry-vacuum pumps were developed, to be superseded in present~ 
day practice by steam-jet air pumps. 

In order to secure some authentic information as to the detailed 
history of surface-condenser development, questionnaires were 
sent to several of the largest manufacturers of condensers and 
tubes. The answers to these questions are shown in Tables 1 
and 2, 

In the development of surface condensers, one of the main 
difficulties has been corrosion of tubes. The location of many of 
our large public utilities and industrial power plants is such that 
the condensing-water supply is contaminated by industrial waste 
and sewage, resulting in water which is corrosive. In many cases 
the water contains gases which are liberated in passing through 
the condenser, which add to the corrosive difficulties. 

The liberation of corrosive gases within the condenser tubes 
owing to the increase in temperature and reduction of pressure 
is a principal cause of tube deterioration. Various methods have 
been tried to remove part of these gases before they can act on 
the cooling surfaces. One simple method consists of suitable pipe 
connections from the top of the inlet water boxes to the drop leg of 
the circulating system. The vacuum produced by the drop-leg 
siphon draws off a mixture of water and such gases as may be 
free at this point. However, this will not remove the dissolved 
gases which are occluded owing to the temperature rise and pres- 
sure drop within the tube itself. 

Much has been written regarding these matters in the past. 
However, each location or water quality presents a different 
problem and results in actual service have more often than not 
been contradictory. 

Collection of debris at the tube entrances (leaves, etc.) has 
always been a problem in surface-condenser operation. High- 
pressure water jets from nozzles which operate through ball-and- 
socket joints in the water-box cover plates have been effective 
in many cases. Divided water boxes, which allow tube replace- 
ment and cleaning of half the condenser while the unit operates, 
are common. 

Hot-well temperatures in old-type condensers were often five 
degrees lower than the temperatures due to vacuum. Proper 
tube laning in modern condensers allows steam to come in contact 
with the condensate going to the hot well. This secures tem- 
peratures substantially the same as those due to vacuum and 
at the same time causes more complete deaeration of the con- 
densate which is so important in modern high-pressure-boiler 
practice. 

Tube end leakage was formerly a serious problem. Methods 
of packing have been gradually improved from the old corset 
lace to fiber, metallic, and finally to the expanding of tubes into 
the tube plates without the use of any packing material. In 
most of the older designs the tube ends protruded beyond the 
face of the tube sheet. This resulted in serious wear and de- 
terioration of the tube at the inlet end. To correct this condition, 
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TABLE 1 
Westinghouse Elec. & 
Mfg. Co. Foster Wheeler Corp. 
What was the date of your first in- 1919 1917 (Alberger) 
stallation of steam-jet air pumps? 
(a) When did you first appreciate 1912 1916 


the necessity for proper steam lan- 
ing? 

(b) What were the main phases you 
went through in connection with 


Only development has 


been radial steam in- form lanes 


TRANSACTIONS OF THE A.S.M.E. 


1 Omitting tubes to 1 Steam-inlet lanes 


AUGUST, 1941 


HISTORY OF CONDENSER DESIGN 


Worthington Pump & 
Machinery Corp. 
1918, Erie Works, General Elec- 
tric Company 
1895, Nassau Electric Railway 
Company, 39th Street Station, 
4500 sq ft 


Ingersoll-Rand Co. 
1920 


Prior to 1922 


Use full available area, spacing 


2 Steam-inlet and outlet lanes tubes to suit quantity of 


this development? let 2 Radial design steam flowing 
Where necessary use ‘“‘steam by- 
passes’’ which are shrouded 
ducts 

What were some of the changing Drop changed from No answer Drop changed from 0.5 in Hg in None 
guarantees you made in drop 0.4 in Hg to 0.1 in 1908 to 0.1in Hg for present-day 
across condenser, inches Hg? Hg in large units design 

When did you first attempt to take Holes in _ horizontal No answer 1916, 35,000 sq ft condenser of 1925 
gases out of circulating water to partition Lowellville Station, Republic 
prevent cavitation at tube en- 1916 Railway & Light Company 
trances? 1917, Connors Creek, Detroit Edi- 

son Company 

When did you first build a condenser 1913 1921 1913, Brunot Island, Duquesne 1922 
with divided water box? Light Company, 2 condensers 

for one turbine 
1920, Hell Gate Station, Consoli- 
dated Edison Company 

When did you first build a condenser 1921 1923 1929, three 57,000 sq ft for Ashta- 1923 
with deaerating hot well? bula Station, Cleveland Electric 

Illuminating Co. 

When did you first supply a conden- 
ser with expanded tubes? 

(a) One end 1922 1910 (Alberger) 1895, marine condensers, 1916 1920 
(35,000 sq ft) 
(b) Both ends 1927 1925 1890 (300 sq ft) 1929 

When did you first equip a condenser 1922 No answer 1888 (two 2120 sq {t, City of Cin- 1920 
with venturi or rounded-type in- cinnati) 
lets at the tubes? 

When did you make your first all- 1931 1935 1930, one 10,300 sq ft for Imperial 1929. 7000 sq ft condenser 
steel welded-shell condenser of Oil Company, five 12,492 sq ft 1931, 26,000 sq ft condenser 
fairly large size? for Baltimore Mail Line steam- 

ers 
What decrease in surface require- Nowthey goashighas Up to 1918. Used Heat-transfer rate increased about Have always used high transfer 


ments per pound of steam, or in- 850 Btu/sq ft/F/br 
crease in heat transfer? /br. 


as high 


350 Btu/sq ft/F 
Now they go 
as 


50 per cent since 1908 rate 


850 


Btu/sq ft/F/br 


Expansion joints between condenser Still used on some in- 


Still used extensively 


First used in 1902, at Elyria, Ohio No answer 


and turbine? stallations on small units First spring supports, 1914, on six 
Copper Copper condensers for 74th Street Sta- 
Slip joints Rubber tion of the Interborough Rapid 
Rubber types Most installations Transit Company 
Most installations use use spring sup- Spring support with hydraulic 
spring supports ports jacks, 1918, for three 50,000 sq 
Counterweight Phillips slip-type ft, 59th Street Station of Inter- 


Condenser bolted or 
welded to turbine ex- 
haust 


pack 


Internal air coolers? ———“‘“—~*~™~™~™~™—C te et te 
Tangential drainage condensate ewww es te eet 
tubes? 


the tube ends were kept within the sheet and an inlet ferrule was 
screwed into the tube sheet at the inlet end. 

Corset-lace packing was always troublesome and difficult to 
install properly. Ifthe tubes were soft, drawing up on the follower 
often crimped the tube, making a tight joint impossible. Raw 
tallow was quite generally used with corset lace and broke down 
into various acids, oleic in particular, which were injurious to the 
tube metal. Fiber packing was fairly satisfactory but subject 
to leaks. Alternate rings of fiber and metallic packing probably 
constituted the most efficient of its time. The straight metallic 
packing was quite satisfactory if expertly installed. However, 
this too was subject to crimping. Finally, the practice of ex- 
panding the tubes into both tube sheets came into quite general 
use. In some cases the tubes were bowed slightly so as more 
easily to take up expansion and contraction due to changes of 
temperature. Condensers have also been built with expansion 
joints in the shell, as well as with a floating head. 

Various arrangements have been used from time to time to cool 
the air removed from the condenser before it reached the vacuum 
pump. Generally, the coolers are placed within the condenser and 
consist of baffled sections arranged so that the air passes over a 
section of the tube bank before it reaches the outlet pipe. Exter- 
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joint, using rubber 
ing ring, 
water-sealed 


borough Rapid Transit Com- 


pany 

First rubber joint, 1922, for Ca- 
hokia Station 

First Phillips rubber joint, 1923, 
Muskogee Station, Oklahoma 
Power Company 

First in 1904 


First in 1904, for 3000 sq ft con- 
denser, Boston Navy Yard 


No answer 
No answer 


nal coolers have been used but require separate vacuum and cool- 
ing-water pipe connections and offer opportunity for leakage into 
the vacuum system. This leakage can, of course, be largely over- 
come by complete welding of all connections. 
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Fic. 1 Dracram or Test EQUIPMENT 


TABLE 2 HISTORY OF CONDENSER TUBES 


Bridgeport Brass Co, 


Phelps Dodge Copper Products Corp. Scovill Mfg. Co 


The American Brass Co. 


Before 1890 Muntz metal 


Foster Wheeler Corp. 


Muntz metal 
Admiralty 


70-30 


Copper 


Most tubes 2 & 1 mixture 


Some Muntz 


1900 


Muntz metal 


70-30 


A What kind of tubes did 


Phosphor copper 


60% copper 


Ajuminum bronze 
Cupronickel 


Aluminum brass 
*80—20 


3% Cu, 


% Cu, 40% Zn 


remainder zine 
Brass, 70% Cu, 30% Zn 


Scovill special Muntz 60-6 


Arsenical copper 
Muntz metal, 60 


Muntz tubes had practi- 
cally replaced 2 & 1 mix- 


Some admiralty 


1912 


Mannesmann billet 
Piercing machine 
Benedict nickel 


Admiralty 


1889 
1892 
1903 
1909 
1925 


70% copper 
3% copper 


30% zine 


40% zine 
662/, 


2 & 1 mixture 
Leaded admi- 


you make at various 


times? 


About 20% were 


ture. 


15% cupronickel 


asin zinc 
68% 
0.75 


CLARKE, WHITE, UPTHEGROVE—CONDENSER TUBES AND THEIR CORROSION 


*Arsenical copper 


admiralty 
Cu, 15% Zn 
Cu, 14% Zn, 1% 


& 


tin 
Phosphorized 


Admiralty, 70% Cu, 29% Zn, 1% 
Red brass, 85 


Red alloy, 85 


of all tubes 


used were admiralty 


inside and out. 
Start of aluminum brass 


Increased use of Admir- 


tinned 
alty 
About 75% 


1925 
1925 
1930 
1930 


Cup drawing process 


Ambrac 
20% nickel alloy 


Ambrac B 
30% nickel 
Red brass 


1925 
1925 


copper 
zinc 


é 


—0.50% arsenic 


ralty 
Red brass 


tin 


Cu, 22% Zn, 2% Al 


76% 
Copper 


f, 


Supernickel 


1 


i 


i 
70% Cu, 30% Ni, 


% 
Preceded our production of N 


Al 
condenser tubes and has always 


2 
2 


2 
Cu, 29% Ni, 1% tin 


0.01 to 0.05% As 


70 


80 


80 ‘ 
Aluminum brass, 76% Cu, 2% Al, 


Used Aluminum bronze, 95% 
22% Zn, 
Adnic., 70% 
Cupronickel, 


by Navy and Alecunic Cu 


-nickel tubes. 
Maritime Commission 


mostly 


copper 


zinc 
70:30 cupronickel 


Aluminum brass 
Extrusion press 


85 
15 


1930 
1930 
1931 


copper 
copper 


99.45 


Arsenical cop- 
per 


Copper 


i 


80% Cu, 20 


1905. 


“srain-size 


ever have thought 
control per se was 


ful’ or had any- 
thing to do with 


tube life 
About 1900 realized 


advisable or use- 


that 


been applied in the manufacture 
of condenser tubes since 1918 


There is no evidence that 


1910. e 
any relation exists between grain 
size and tube life 


row of New York Edison Com- 


1912, in conjunction with Mr. Spar- 
pany 


Do not control grain size 


B When did you first begin 
to think grain-size con- 
trol advisable? 


that final anneal- 
ing was important 


For condenser tubes in 1918 


In universal use in 1920 


No definite date 


1912 


Ever since condenser tubes were made 
and instruments for Phrometric con- 
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king not 


a responsibility of 
the tube manufac- 


turer : 
* Sometimes with 


Type of pac 
small quantities of 
nickel and tin. 


No definite answer 


fiber and lead- 


about 1920 
”* tube inlet ends 


foil rings 
1924, ‘‘Smoothflo 


Cotton lace 

Fiber packing 
Metallic packing, 
Alternate layers of 


No answer 


No definite dates 


Lamp wick 


Corset lace 
Metallic 


Fiber 


D What various kinds of 
packing have you used, 
corset lace, fiber, me- 
tallic, etc., and when? 
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Condenser shells were originally made almost univer- 
sally of cast iron with flanged joints which became rather 
complicated and hard to keep tight in large condensers. 
With the advent of welding the use of steel-plate shells 
came rapidly into vogue and today practically all con- 
denser shells are of welded steel-plate construction. These 
are free of flanged joints and are much lighter and less 
costly than the old cast-iron shells. 

The exhaust connection between turbine and condenser 
has always been a troublesome feature. Expansion joints 
of metal or rubber have been used but they involved two 
large flanged joints which were extremely difficult to 
make tight in the first place and to keep tight after in- 
stallation. The joints themselves were more or less sub- 
ject to cracking with age. In other cases the shell was 
bolted to the exhaust flange of the condenser and care- 
fully designed systems of springs were installed to carry 
the weight of the condenser when there was no vacuum 
in the system. The most desirable arrangement is to 
hang the condenser from the turbine and weld the joint 
with suitable supports provided to take the weight when 
the condenser is filled with water for testing. 

When the question of condensing equipment for the 
extension for The Narragansett Electric Company was 
under discussion, the condenser-tube problem was seen to 
be of major importance. The condensing water available 
is particularly bad and heretofore only jet-type condensers 
have been used, so no experience has been had with tubes. 

In an attempt to assure the best material for tubes, it 
was decided to conduct an extensive test on various mate- 
rials in a way that would as nearly as possible duplicate 
the conditions actually existing in a working condenser. 

Based on such information as was available, Admiralty- 
metal, aluminum-brass, and cupronickel tubes were 
selected as the ones most likely to give good service. A 
miniature cast-iron condenser with Muntz metal tube 
plates was used, as shown diagrammatically in Fig. 1 and 
tubes of each of the three materials just mentioned, as well 
as a bronze tube, were installed as indicated in the cross 
section. Barriers were placed in the inlet water box as 
indicated, separating the sections containing the various 
kinds of tubes so there could be no possibility of water 
coming in contact with more than one kind of tube. 
No attempt was made to vent the water spaces. River 
water was passed through the tubes at a velocity corre- 
sponding to that expected in the actual condenser in- 
stallation and blowdown water from the station 400-lb 
blowdown system was admitted to the steam space. 

In addition to the condenser test, an impingement 
test was made. As will be seen from the diagram, Fig. 1, 
the river water from the test condenser was passed 
through a small heater where its temperature was raised 
to 90-110 F and then sprayed against the inner surface of 
split-tube samples. It was recognized that this test did 
not bear a direct relation to the conditions existing in 
a condenser, but it was thought that the information 
obtained might supplement that from the condenser 
test. It was also felt advisable to make an impinge- 
ment test as it was a test which would produce deteriora- 
tion in the tube metal more rapidly than would be the case 
from a condenser test. When the work was started, it was 
believed that the time element for the condenser test would 
be of the order of but a few months. Therefore, it was 
essential that as much supplementary information as 
possible be obtained. As a matter of fact, there proved 


516 


CORROSION RESISTANCE — CONDENSER TEST 
PLOTTED IN ORDER OF DECREASING RESISTANCE BASED ON MAX CORROSION 
AT ANY ONE SECTION A,B,0,£ & F 


TRANSACTIONS OF THE A.S.M.E. 


CUNI 


AUGUST, 1941 


ance results from the condenser and impingement 
tests. 


BRONZE 


= = 
Zzzoa 
P= A tee ie pee) ee eS . . . . 
a eee eS G5 888 8H Gg Fig. 4 is a cross section of a condenser showing 
z =e 222325 F| BAA steam laning and the arrangement for removing en- 
< : aA EA Ae trained gases from the inlet water boxes. This con- 
\ ss H HA i AY 8 
TUBE NUMBER'8 (6) 20 5) [127 10) 1N) 114) 27/1594) 19)719))13723)'26) 20 21 22 24 18 25 Il 17 30 denser has an external air-cooling section. 
a 
\ LOSS IN WEIGHT - “CONDENSER TEST we 
DETERMINED ON 6 INCH CENTER SECTIONS PLOTTED AS PER CENT eae 2 
ie? nM ORIGINAL TUBE.» 6 INCH LENGTH re ee ae RESULTS OF INVESTIGATION 
£ 14 ¢ Sis 236 5 23> Pen 
2 - xz < i— 12 . 
= ete gS EE SEESE ESS SSS S32 225 509 j Ne 10, The details of the supplementary tests, the corro- 
| ool gag 4 a 6 S < 5 5 
. oe ore ag fell AY Ne? sion tests, including the impingement and condenser 
TUBE NUMBER 18 8 7 1! 6 14 ' 2TM2MIOM SIMS) 1S) 429 MIS 245217 20N26022 23 iesns0) tests, and the metallographic examination are given 
\ = : : : 
CORROSION ‘RESISTANCE - COMBINED RATING 8 3 in the following section of the paper. 
2 PLOTTED IN ORDER OF DECREASING RESISTANCE = op SABIINSRES 
8 | [LOSS OF WEIGHT — CONDENSER x1 | i s = =} oO 5 8 T M 
| {IMPINGEMENT x I 4 
g | (MAX. CORROSION — CONDENSER x « 5 gs , : 4 i LI ATERIAY 
5 ee fs “E88 NG : : . 
Z aE | eegeess BLS x AHH a 5 In carrying forward the program outlined in the 
= fe ies 4 . : 
< s}e 2222 5 ‘ y ; ; as me preceding paragraphs, 27 different tubes were ex- 
*Tz | ; y y 5 ‘a? Cee amined, although it would appear from Table 3 that 
y 1] N . 
TUBE NUMBER 8 6 2 12 7 5 I IS 10 My 3 4 9 19 26 18 2) Se bp 23 24 17 25 30 there were 28. Specimens 14 and 27, however, were 
Te te ei wu from the same tube. Tubes 28 and 29 are not in- 
2 . - . 
Ze S 2 a5 cluded in the table as these tubes split in installa- 
wE 49. LOSS IN TENSILE STRENGTH — CONDENSER TEST at eae 3 : 
as 28 12 INCH LENGTH FROM CORRODED TUBE 28 , 
we 2654[. PLOTTED AS PER CENT OF TENSILE STRENGTH OF ORIGINAL TUBE lence UA UR IOMUC Te See ee therefore, pwere: made 
me 22ge 8 ae upon them. The tubes which were tested were of 
ara (hes c = oe . 8 & 
ba) jelitetetete) te « ei ielges Sea one 5 ‘soa the aluminum-brass, cupronickel, admiralty, and 
ie 2-0 © OD 20 @ K r) i ve . A 
of Wat2 dee see ee2223 aaa : : #10 bronze compositions. They were furnished by vari- 
wZ = ae = % 6 . . . 
z 2 ‘-_. men res ee lees | p THE ae ous manufacturers and the question of grain size and 
RUBE NOM ered els Se aca u.e 2°22. Ns SOs physical properties resulting from the drawing and 
Ny annealing operations was left largely in the hands of 
ARSENIC_CONTENT OF ALUMINUM BRASSES TYPICAL ANALYSIS : : 
e798 — ANONTRUMMGUER SEMA RMIC AR? the companies producing the tubes. 
BS os0eeet a ee OH re HEM Ces | Or The materials supplied are given in Table 3. 
Y o30 ——t — TIN % 125 100-150 090-120 
Se O16 ea : = ALUMINUM % | 75-250 
TUBE NUMBER BB 6 F127 8 1 5 WIS 9 8 ae Ce Marr: oo Wd CHEMICAL CoMPOSITION 


Fia. 2 


to be reasonable agreement between the results obtained from 
the impingement test and the condenser test. 

The work on The Narragansett Electric Company extension 
was delayed, making it possible to carry on this test fairly con- 
tinuously for about 22 months. The only serious interruption 
was that due to the hurricane of September, 1938. The 
entire equipment had to be rebuilt 
and the test was interrupted from 


No specific analyses were made of the stock, al- 

though it was assumed that all the tubes furnished 

complied, from the chemical standpoint, with the A.S.T.M. 

standard specifications for the respective grades involved. The 
type of composition is given in Table 4. 

Among condenser-tube manufacturers various claims are made 

for the respective advantages of slight additions of arsenic, phos- 

phorus, and antimony. As the results of this investigation 
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scattered results. Fig. 3 shows a 
comparison of the corrosfén-resist- 
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METHOD OF ROLLING 
TUBES IN TUBE SHEET 


showed the aluminum-brass tubes to be superior to any of the 
other types of tubes, and as arsenic is said to be of importance in 
aluminum brass, an analysis was made of all of the different types 
of aluminum-brass tubes for arsenic. The results given in Table 
5 and Fig. 2 indicate that arsenic was present in all of the tubes, 
ranging in amounts from 0.006 to 0.071 per cent. Though it 
would appear from current practice that arsenic additions are de- 
sirable, the findings do not point to any definite upper or lower 
limitations for the amount that should be present. 

Claims are also made that phosphorus additions are desirable. 
A qualitative test was made, therefore, on six of the aluminum- 
brass tubes which made the best showing under the combined 
tests, and traces of phosphorus were found in all of these tubes. 


AIR VENT CONNECTION FROM 
INLET WATER BOX TO 
CONDENSING WATER DISCHARGE 


DISCUSSION OF RESULTS 


Before proceeding to the discussion of the results from the im- 
pingement and condenser corrosion tests, for these are the tests on 
which the major emphasis will be placed, a number of supplemen- 
tary or additional tests were made. Among these were the mer- 
curous-nitrate, flattening, expansion, and tensile tests. 

No details with regard to the mercurous-nitrate, flattening, 
and expansion tests are included in this paper as the findings ap- 
pear to be of no significance from the standpoint of resistance to 
corrosion. It is, of course, to be understood that any tubes which 
are to be installed in condensers should meet the requirements of 
the mercurous-nitrate and expansion tests. Flattening tests are 
not included as they are no longer a requirement in the standard 
A.S.T.M. specifications for condenser tubes. 


INLET END 
OUTLET END 


SKIMMER CONNECTION 
TO INLET WATER BOX 


Fig. 4 Layout or ConpenserR Tuses SHowina StHAM LANING 
AND ARRANGEMENT FOR VENTING GasEs ENTRAINED IN 
CircuLATING WATER 
TENSILE TESTS 


Recognizing the probability that as a result of the corrosion 
attack the tensile properties of the tubes would be decreased, 


tensile tests were made on the tubes before and after being sub- 


TABLE 6 TENSILE TESTS ON 12-INCH LENGTHS OF CON- 


DENSER TUBING BEFORE AND AFTER CORROSION IN EX- 
TABLE 3 LIST OF TEST MATERIAL ELRIMEN TALI CONDENSER > Mis: 
Material No. Condition furnished Tossai Ee ation, San aane 
Aluminum brass 1 Hard-drawn tensile strength, Before, After, Decrease, 
Aluminum brass 2  Hard-drawn; ends annealed Tube no. per cent percent per cent per cent 
Aluminum brass 3  Hard-drawn 
: 1 47.4 Payal 2.0 od 
Aluminum brass 4 Annealed 
z 2 5.1 25.8 19.5 6.3 
Aluminum brass 5 Annealed : ‘ 4 5.2 45.9 35.3 10.6 
Aluminum brass 6 Hard-drawn; tensile 110,000 psi; 0.035 mm grain 5 52 47.0 47.0 
size : : : : 
Aluminum brass 7  Hard-drawn; tensile 118,000 psi; 0.025 mm grain 6 2.8 3.4 2.0 1.4 
Be 7 eal 1.4 1.6 Be 
Aluminum brass 8 Annealed; 0.17 mm grain size 8 Dio lial 34.6 vos) 
Aluminum brass 9 Hard-drawn; Snead shock 9 3.3 3.8 3.2 0.6 
Aluminum brass 10 Annealed 10 6.1 53.5 49.9 3.6 
Aluminum brass 12 Relief-annealed; ends annealed 11 21.9 57.0 39.3 17.7 
Aluminum brass 13 Full anneal A.S.T.M. specification 12 4.6 25.0 23.8 1.2 
Aluminum brass 14 Hard-drawn 13 4.1 45.0 52.3 os 
Aluminum brass 15 Annealed 14 BA 9.9 5.0 Tew 
Aluminum brass 27 _ Part of tube 14 15 on 49°83 40.0 Bie 
Cupronickel 16 70/30 annealed 17 3.2 36.0 30.2 5.8 
Cupronickel 17. 70/30 annealed; Snead A No. 2 
; 18 3,3 32.0 25.1 6.9 
Cupronickel 18 80/20 19 53 aS 05 0.4 
Cupronickel 19 70/30 hard-drawn; ends annealed : 9 2°3 aaed 33.6 10/8 
Cupronickel 26 70/30 full anneal; A.S.T.M. specification 0 : . . 5 : 
Admiralty 11 Annealed; Snead E 21 17.0 55.3 26.5 8.8 
i 22 20.7 60.8 34.5 25.3 
Admiralty 20 Annealed x 23 30:1 45.4 32.9 12:5 
Admiralty 21 Annealed; 0.015 mm grain size “ : os C 
Admiralty 22 Annealed 24 9.8 16.3 10.1 6.2 
Admiralty 23 Annealed; black skin 25 19.0 67.4 60.2 (her? 
Admiralty 24 Relief anneal; ends annealed , 26 9.7 2.8 2.0 0.8 
Admiralty 25 Full anneal; A.S.T.M. specification 27 3.6 9.9 3.3 6.6 
Bronze 30 Hard-drawn 30 29.8 9.0 0.9 8.1 
TABLE 4 COMPOSITION OF MATERIALS SUPPLIED ore 
er 
Material Copper Tin Aluminum Zine Nickel elements 
Aluminum brass 75% min 1.25% max 1.75-2.50% Remainder ..... Small 
Cupronickel Remainder 1.50% max ......4-+ ev eveeee 29-33% Small 
x Cupronickel Remainder 1.00% max ....-.-02 _ sees Sept 19-23 Small 
Admiralty metal 70% min O,90=1 520%. Sein a Remainder... ..- Small 
Bronze 88% 4.00% Lead 4.00% Le | ada Small 


TABLE 5 ARSENIC CONTENT OF ALUMINUM-BRASS TUBES 
Tube number...... 1 2 3 4 5 6 if 
Arsenic, per cent... 0.031 0.011 0.037 0.006 0.006 0.061 0.071 


Tube number...... 8 9 10 12 13 14 15 
Arsenic, per cent... 0.067 0.050 0.044 0.044 0 037 0.045 0.040 
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jected to the corrosion tests. The results of these tests are given 
in Table 6 and Fig. 2. 

In presenting the results of the tests in Table 6, percentage of 
elongation has been reported for each tube as submitted and 
after being subjected to service in the experimental condenser. 
Decrease in elongation, if any, is indicated for each tube. Ten- 
sile values are reported only as percentage loss in tensile strength, 
the percentage loss being based on the decrease in the breaking 
load for the corroded specimen as compared with the break- 
ing load for the same tube but not subjected to the condenser test. 
The percentage decrease in tensile strength presumably repre- 
sents the extent to which the effective cross section of the tube 
has been reduced by the corrosion. This may be due to a gen- 
eral or a local reduction in the cross-sectional area. 

Although the tests were made on only one tube of each type 
before and after the corrosion tests, a check of the relative order 
of corrosion resistance, based on the amount of decrease in tensile 
strength, gives, with a few exceptions, a confirmation of the rat- 
ings obtained from the corrosion tests. 

It is also interesting to note that with but one exception the 
percentage decrease in tensile strength of the aluminum brasses 
which showed so favorably in the corrosion tests was slight, rang- 
ing from 2.8 to 6.1 per cent. Excluding the No. 1 tube, the alu- 
minum brass gives the lowest average loss for the different types 
of material which were tested. 


Corrosion TESTS 


The corrosion tests were considered to be the tests of out- 
standing importance in the selection of the tube material for the 
proposed condenser installation. These tests were of two types, 
one, the impingement test, and the other what is known as the 
condenser test. Of these two tests, the condenser test is the one 
which is considered to be of primary importance, although the 
impingement test checks, to a surprising degree, the findings re- 
sulting from the condenser test. 


IMPINGEMENT TEST 


The impingement test was conducted by spraying water at 
between 90 and 110 F against the inner surface of split-tube 
samples. The diagram of the test equipment is shown in Fig. 1. 
On the completion of the test run, the tubes were given a visual 
examination. They were found to fall into three 


classes. The first class, and the one least resist- 

ant to corrosion, was made up of all those tubes iw 
in which the corrosion took the form of a localized Rating No. 
deep-pitting attack. Tubes 18, cupronickel, and 1 ie 
24, admiralty, shown in Fig. 5, illustrate this *14 
type of attack. The second class, medium to 2 : 
fair corrosion resistance, consisted of those tubes 21 
on which the attack was more general or the 2 
pitting less pronounced than was the case with 3 Bs 
the tubes in the first class. Tube 6, aluminum 22 
brass, shown in Fig. 5, is illustrative of this 2 
group. The third class, or the group most re- 7 
sistant to the impingement attack, was made up 4 19 
of all those tubes in which the surface showed iy 
no appreciable roughening, or in which, if pits 19 
were present, they were very small. Tube 13, a 


aluminum brass, is illustrative of this group. 4 
Pde 5 * 

As a means of arriving at a somewhat more Y st 

definite rating of the resistance of the various 18 

8 23 


tubes to the impingement attack, measurements 
were made of minimum wall thickness at the 
point of maximum corrosion for each tube. 9 
While micrometer measurements were made, the 
final basis was arrived at by sectioning and polish- 
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Specimens From IMPINGEMENT TEST 


Tube 18, cupronickel; localized deep pitting 

Tube 24, admiralty; localized deep pitting 

Tube 6, aluminum brass; general roughening with shallow pitting 
Tube 13, aluminum brass; very slight attack 


Fie. 5 


aove 


ing cross sections through the corroded areas. These were then 
measured at 100 magnifications. The results are given in Table 
7 and Fig. 3. Ratings have been set up on an arbitrary basis in 
which maximum resistance is indicated as 1, and minimum 9. 

Representative minimum wall sections for groups 1 and 2, best 
corrosion resistance; group 5, intermediate corrosion resistance; 
and group 9, least corrosion resistance, are shown in Fig. 6. 

An examination of the results, as given in Table 7, shows that 
no one material behaved consistently throughout the test unless 
it be the cupronickel, which did not show to any particular ad- 
vantage. Aluminum-brass and admiralty tubes are both found 
in the one and two groupings, or those showing greatest resistance 


TABLE 7 RESULTS OF IMPINGEMENT TESTS 


Min wall 
thickness, Type of corrosion 
Material Condition in. attack 

Al brass Relief and end anneal 
Al brass Relief and end anneal} 0.051-0.049 Very slight; small pits 
Al brass Hard-drawn 
Al brass Annealed 
Al brass Hard-drawn 0.048-0.047 Very slight; small pits 
Admiralty Annealed 

Hard-drawn 
Al brass End annealed 
Al brass Hard-drawn 0.046-0.044 Slight; pits increasing 
Bronze Hard-drawn 
Admiralty Annealed 
Al brass Annealed 
Al brass Hard-drawn Varies from general 
Al brass Hard-drawn roughening to ten- 
Al brass Annealed dency for fairly large 
Al brass Annealed 0.043—0.040 shallow pits 
Admiralty Annealed 
Cupronickel Annealed 
Cupronickel Hard-drawn 
Cupronickel Hard-drawn 
Al brass Hard-drawn 
Al brass Annealed Attack more localized 
Al brass Hard-drawn 0.037-0.035 with increasing depth 
Admiralty Annealed of pits 
Cupronickel Annealed 
Admiralty Annealed 0.025-0.023 Attack more localized 

with increasing depth 
of pits 

Admiralty Annealed | Attack more localized 
Admiralty Relief and 0.016-0.014 with increasing depth 


end annealed | of pits 


* 14 and 27 from same tube. 
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Group 1 X75 Group 2 X75 


Group 5 X75 Group 9 X75 


Fig. 6 REPRESENTATIVE Cross SECTIONS OF Groups From Imprincement Txsts, TABLE 7, SHOWING NATURE AND 
ExTENT OF WALL REDUCTION 


Both are again found in the interme- _ sistance to impingement corrosion. Still more questionable than 
the wide variation shown by the admiralty tubes was the per- 
formance of tube samples 14 and 27, both of which are from the 


to impingement corrosion. 
diate groupings. Admiralty, but not aluminum brass, is also 
found in group 9, that is, tube materials showing the least re- 
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same tube, aluminum brass. Section 14 showed no measurable 
wall reduction, while section 27 showed roughly a 25 per cent de- 
crease at the point of maximum corrosion. 

Aluminum brass was found to have performed about equally 
well in the impingement test, whether it was in the hard-drawn or 
in the annealed condition. Of the aluminum brasses in groups 
1 and 2, good corrosion resistance, three are annealed and two 
are hard-drawn. In group 5, showing roughly a 25 per cent re- 
duction in wall thickness by pitting, two of the aluminum brasses 
were hard-drawn and one was annealed. In the same way, the 
tube materials of the individual manufacturers showed no definite 
tendencies consistently favoring annealed or hard-drawn alumi- 
num brass. 

Conclusions that may be drawn from the results of the im- 
pingement tests are: 

1 Under the conditions set up in the test procedure, aluminum 
brass, from a general average standpoint, is superior to all other 
materials. 

2 The resistance of the aluminum brass to impingement cor- 
rosion is of the same order, whether in the hard-drawn or the 
annealed condition. 

3 Admiralty metal, from a general average standpoint, is 
inferior to all of the other materials. 

4 The black-skin treatment of the admiralty metal is not ef- 
fective in increasing the resistance of the metal to impingement 
corrosion. 

5 Maximum resistance to impingement corrosion is not de- 
pendent upon any single factor, but embodies the combined ef- 
fects of composition and manufacturing procedure. 


CONDENSER TESTS 


The condenser-corrosion tests were made on a miniature con- 
denser which is shown diagrammatically in Fig.1. Four different 
grades of tubes were placed in the condenser, namely, tubes of 
the type known as aluminum brass, cupronickel, admiralty, and 
one bronze tube consisting of 88 per cent copper, 4 per cent zinc, 
4 per cent tin, and 4 per cent lead. The water velocity was 7 
fps. The tubes were heated from the blowdown system of a 400- 
pound boiler. The temperature of the condensing water taken 
from the river, ranged from 35 F to 80 F. The test was of ap- 
proximately 22 months’ duration with but one serious interrup- 
tion which was for a period of about one month. 

On the completion of the test run, the tubes were removed from 
the condenser and examined for the purpose of determining the 
extent to which corrosion had taken place. 

As it appeared desirable to run certain tests on the tubes from 
the condenser for comparison with the tube material which had 
not been subjected to the experimental run, it was not feasible 
to split the tubes longitudinally. In consequence, sections of 
each tube approximately one inch in length and from five different 
positions were obtained. This procedure not only made it pos- 
sible to obtain a reasonable accurate survey of the extent of the 
corrosion, but also made it possible for material to be secured for 
the mercurous-nitrate and the various physical tests. The loca- 
tions of these various sections are shown in the upper diagram in 
Fig. 2. 

Corrosion-Resistance Condenser Test. The one-inch sections 
were examined under a low-power binocular to determine the 
nature and extent of the corrosion. Using the arbitrary arrange- 
ment scheme followed for the impingement-test rating, a com- 
parison was made, first of the sections within any tube, and then 
on the basis of sections from corresponding positions in all tubes. 
As before, minimum corrosion was rated as 1 and maximum as 9. 
Depth of penetration of attack, rather than extent to which at- 
tack was general, was used as a basis for the ratings. Thus, a 
single pit of appreciable depth would rate the corrosion resistance 
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lower than a general attack of little penetration. Micrometer 
readings of wall thickness, and also metallographic measurements, 
were made where any question existed as to the extent of a general 
corrosion attack. Examination was also made of the ends of the 
adjoining sections in checking final ratings. Inasmuch as the 
end sections A and F' always showed lower degrees of corrosion 
than the sections from any of the other positions, they were elimi- 
nated in the final ratings and do not appear in any of the tabu- 
lations. 

Table 8 and the upper-rating diagram in Fig. 2 give the results. 

Loss-in-Weight Condenser Test. An analysis of the extent of 
the corrosion was also made on six-inch center sections from each 
of the tubes in question. The results are given in Table 9 and 
in Fig. 2. 


CoRROSION-RESISTANCE COMBINED RATING 


As a means of correlating the various ratings made on the 
basis of the results of the impingement test and the experimental 
condenser test, a combined rating was set up. The ratings de- 
termined by the impingement test have been given a rating of 1; 
the ratings from the loss of weight on the six-inch sections, a rat- 
ing of 1; and the ratings from the corrosion-resistance condenser 


TABLE 8 EXPERIMENTAL CONDENSER TEST—RATED ON 
BASIS MAXIMUM CORROSION SHOWN AT ANY SECTION 
Rating Tube Material Condition 
1 8 Al brass Annealed 
6 Al brass Hard-drawn 
2 2 Al brass Hard-drawn; end annealed 
5 Al brass Annealed 
12 Al brass Hard-drawn; relief anneal 
3 iG Al brass Hard-drawn 
10 Al brass Annealed; Snead E 
1 Al brass Hard-drawn 
14 Al brass Hard-drawn 
27 Al brass Hard-drawn 
4 15 Al brass Annealed 
4 Al brass Annealed 
9 Al brass Hard-drawn 
19 Cupronickel Hard-drawn; end annealed 
5 13 Al brass Annealed 
6 23 Admiralty Annealed; black skin 
26 Cupronickel Annealed 
20 Admiralty Annealed 
7 21 Admiralty Annealed 
22 Admiralty Annealed 
25 Admiralty Relief annealed; end annealed 
8 18 Cupronickel Annealed 
25 Admiralty Annealed 
11 Al brass Annealed 
9 17 Cupronickel Annealed 
30 Bronze Hard-drawn 
TABLE 9 WEIGHT LOSS IN PER CENT IN EXPERIMENTAL 


CONDENSER-TUBE TEST BASED ON 6-INCH SECTION FROM 
MIDDLE OF TUBE 


Loss, 
Rating per cent Tube Material Condition 
1 1.0 18 Cupronickel 
1.2 8 Aluminum brass Annealed 
2 1.5 7 Aluminum brass Hard-drawn 
1.6 1 Aluminum brass Hard-drawn 
2.2 6 Aluminum brass Hard-drawn 
3 2.2 14 Aluminum brass Hard-drawn 
2.3 15 Aluminum brass Annealed 
2.3 27  Aluminnm brass Hard-drawn 
2.6 2 Aluminum brass Hard-drawn; end annealed 
4 2.6 10 Aluminum brass Annealed 
2.9 5 Aluminum brass Annealed 
2.9 12 Aluminum brass Relief and end annealed 
3.0 13. Aluminum brass Annealed 
5 3.4 4 Aluminum brass Annealed 
4.2 9 Aluminum brass Hard-drawn 
5.9 19 Cupronickel Hard-drawn; end annealed 
6 W3 24 Admiralty Relief annealed; end annealed_ 
ano 21 Admiralty Annealed 
8.1 17. +Cupronickel Annealed; Snead A 
7 9.2 20 Admiralty Annealed 
9.7 26 Cupronickel Annealed 
8 10.6 22 Admiralty Annealed ‘ 
11.5 23 Admiralty Annealed; black skin 
12.8 11 Admiralty Annealed 
9 15.3 25 Admiralty Annealed 
16.7 30 Bronze Hard-drawn 
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TABLE 10 COMBINED RATING OF CONDENSER-TUBE MATERIAL 


Impingement Test............-- 1(X) 
Experimental condenser 
Loss in weight (6-in. section). . 1(Y) 
Maximum corrosion.........- 2(Z) 


xX + Y+2Z 
Rating 4 Tube Material Microstructure 
1 1.2 8 Aluminum brass Fine grain; 90% recrystallized 
2.7 6 Aluminum brass Cold-worked; elongated grains 
ef 2 Aluminum brass Cold-worked; nonuniform grain size 
2 2.7 12 Aluminum brass Nonuniform grain size 
3.0 7 Aluminum brass Cold-worked; elongated grains 
3.0 5 Aluminum brass Small to medium grain size 
3.2 1 Aluminum brass Cold-worked; elongated grains; non- 
uniform 
3.3 15 Aluminum brass Similar to structure of 8 
3 320 10 Aluminum brass Small grain size; uniform 
3.7 27 Aluminum brass Cold-worked; elongated grains 
4.0 13 Aluminum brass Nonuniform grain size 
4.0 9 Aluminum brass Cold-worked; elongated grains 
A i“ 5 4 Aluminum brass Small grain size 
4.5 19 Cupronickel Small grain size 
5.2 26 Cupronickel Small grain size 
5 a5. 18 Cupronickel Small grain size 
5.5 21 Admiralty Small grain size 
6 {6.2 20 Admiralty Medium grain size 
(6.2 22 Admiralty Small grain size 
7.0 23 Admiralty Small grain size 
7.2 24 Admiralty Partial recrystallization 30% 
a Wine Lz, Cupronickel Medium grain size 
7.5 25 Admiralty Medium grain size 
7.5 30 Bronze Cold-worked; elongated grains 
9 9.0 11 Admiralty Small grain size 


Tubes 3 and 16 are not included in the rating in that both were removed in early stages of test. 
Tube 27 ran only 4713.5 hours, but made a poorer showing than tube 14, which ran the full 
test period. Tubes 27 and 14 were cut from the same original tube. 


test, a rating of 2. The data are given in Table 10 and in 
Fig. 2, headed ‘“‘Corrosion-Resistance Combined Rating.’ 

Certain conclusions may be drawn on the basis of the combined 
rating for the materials tested and the particular conditions simu- 
lated by the test procedure: 

1 Aluminum-brass tubes are superior to admiralty, cupro- 
nickel, and the bronze tubes. 

2 Cupronickel tubes are on a par with, or superior to, the 
best of the admiralty tubes. 


Photomicrograph 1 X250 

Tube 14 (27) impingement test 
rating for tube 14 is 1 and for 
tube 27 is 5 


rating 5 


Photomicrograph 2 X250 
Tube 1 impingement test 


3 The condition in which the tube is furnished, that is 
whether it be in the hard-drawn or annealed condition, is not in 
itself the determining factor as to whether or not it has good or 
poor corrosion resistance. 


METALLOGRAPHIC EXAMINATION 


As indicated in the discussion of the results of the impingement 
and condenser-corrosion tests, there appears to be little, if any, 
definite tie-up between variations in microstructure and corrosion 


Photomicrograph 3 X75 
Tube 2 impingement test rating 3 


Fic. 7 CHARAcTmRISTIC MICROSTRUCTURE FOR CoLp-DRAWN ALUMINUM Brass 
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Photomicrograph 4 250 

Representative of tubes 8 and 15 

Recrystallization not 100 per cent com- 
plete 

Impingement test ratings 2 and 4 


Photomicrograph 5 X75 

Tube 4, recrystallization complete 
Small uniform grain size 
Impingement rating 5 


Fria. 8 CHARACTERISTIC STRUCTURES FOR ANNEALED FINE-GRAINED ALUMINUM BRASSES 


Photomicrograph 6 X75 
Representative of tubes 21 and 11 
Small uniform grain size 
Impingement test ratings 2 and 9 


Photomicrograph 7 X75 
Representative of tubes 20 and 25 
Medium grain size 

Impingement test ratings 4 and 5 


Fic. 9 CHARACTERISTIC STRUCTURES FOR ADMIRALTY 


resistance. As a check on this apparent lack of relationship be- 
tween microstructure and corrosion resistance, a metallographic 
examination was made of sections from the original tubes, the 
impingement specimens, and the condenser test-tube specimens. 

Of the 14 aluminum-brass tubes tested in the impingement test 
(27 is a part of 14), seven were furnished in the hard-drawn condi- 
tion and seven in the annealed condition. Variations in the mi- 
crostructure of the hard-drawn material appeared mainly as 
variations in the grain size or in the uniformity of grain size pre- 
vious to the final drawing operation. Characteristic variations 
for the hard-drawn aluminum brass are shown in Fig. 7, photo- 
micrographs 1, 2, and 3. Of the annealed aluminum brasses, 
variations in microstructure ranged from incomplete recrystalli- 
zation to appreciable grain growth. 

Photomicrograph 4 of Fig. 8 illustrates the slightly less than 100 


per cent recrystallized condition of tubes 8 and 15. Impinge- 
ment and condenser tests place tube 8 as one of the best, if not 
the best, and tube 15 as one of the poorer or low-ranking alumi- 
num-brass tubes, yet microstructures are for all practical pur- 
poses identical. Photomicrograph 5, Fig. 8, shows a microstruc- 
ture with recrystallization 100 per cent complete and a slight 
grain growth. This small uniform microstructure which is char- 
acteristic of tube 4 is definitely one of the low-ranking aluminum- 
brass tubes. A check of the corrosion resistance of this tube 
against tube 27 (the second half of tube 14) shows that this tube, 
possessing a small uniform annealed microstructure, gives the 
same corrosion resistance as tube 27, which possesses a character- 
istic cold-drawn microstructure as illustrated in photomicrograph 
1, Fig. 7. Tubes 14 and 27, halves of the same tube and possess- 
ing the same cold-drawn microstructure, behave uniformly in 
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the condenser test, but vary widely in the impingement test, 
probably as a result of surface conditions. 

Cold-drawn aluminum brasses of three different producers are 
represented by photomicrographs 1, 2, and 3, Fig. 7, showing 
microstructures for the original 14, 1, and 2 tubes, respectively. 
No apparent relation exists between the microstructure for these 
three tubes and their corrosion resistance. 

Similar variations or lack of any direct relation between mi- 
crostructure and the corrosion resistance were also found for the 
Admiralty metal which was represented in the tests by seven 
tubes. All admiralty tubes were furnished in an annealed con- 
dition and varied from the small uniform grain size of photomi- 
crograph 6 of Fig. 9 to the medium grain size of photomicrograph 
7, Fig. 9. The small uniform microstructure of photomicrograph 
6 was found in tubes 21 and 11, or the tubes making the best and 
poorest showing in the impingement test for the tubes of this 
type. Tubes 21 and 11 were not made by the same producer. 
The maximum grain size for the admiralty tubes is shown in 
photomicrograph 7, Fig. 9, representative of tubes 20 and 25. 

Owing to the small number of cupronickel tubes in the test 
and their generally unsatisfactory performance, no photomicro- 
graphs of these tubes are included in this paper. The same also 
holds for the bronze tube. 


CONCLUSIONS 


On the basis of the particular conditions pertaining to this 
specific investigation, the following conclusions may be drawn: 

1 Aluminum brass, for the specific water conditions under con- 
sideration, is superior in its corrosion resistance to cupronickel, 
admiralty metal, and bronze. 

2 Microstructure, as such, does not appear to be a controlling 
factor. A hard-drawn or an annealed material may show equally 
good corrosion-resistance properties. 

3 Cupronickel, admiralty, or bronze tubes are not suitable 
for use under the proposed water conditions. 

4 Internal stresses of an order to produce cracking, under the 
conditions of the standard A.S.T.M. mercurous-nitrate test, do 
not necessarily decrease the corrosion resistance of the tubes, nor 
does their absence necessarily increase the corrosion resistance. 
It should not be inferred from this conclusion, however, that tubes 
should be furnished under such conditions of internal stress that 
they will crack in the mercurous-nitrate test. It is realized that 
expanding tubes in the tube sheets produce local stresses at these 
points but it is felt to be the lesser of two evils. 

5 Arsenic, while present in some degree in all aluminum- 
brass tubes, does not appear to be, in itself, a controlling factor. 
A content of 0.01 and one of 0.07 per cent, when properly asso- 
ciated with other factors, gives equally good results. ; 

6 Phosphorus in traces was found in all of the top-rating 
aluminum tubes. Its presence or absence does not appear to bea 
controlling factor. 

7 Proper manufacturing procedure is, beyond any question 
of a doubt, an important factor in the production of highly corro- 
sion-resistant aluminum-brass tubes. 
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Discussion 


F. L. LaQue‘ anv C. A. Crawrorp.* It is always a problem to 
choose the proper material for condenser tubes which are to oper- 


4 Development and Research Division, The International Nickel 
Company, Inc., New York, N. ae 


ate with a cooling water with which there has been no previous 
experience. The authors describe an interesting attack on this 
problem which presumably resulted in the choice of a satisfactory 
tube material for the particular installation in which they were 
interested. 

Since a similar technique might be applied in other cases, it 
would seem to be desirable to make a critical appraisal of the test 
methods in the light of available data from other sources and 
practical experience with the materials under consideration. 

The most surprising feature of the test results was the relatively 
small difference in ratings between the 70-30 copper-nickel-alloy 
tubes and the admiralty tubes installed in the exerimental con- 
densers. There have been fewer opportunities to compare the 
copper-nickel alloy with aluminum brass, but it may be said that 
test results and practical installations have shown that the cop- 
per-nickel alloy should not regularly be rated below aluminum 
brass. 

The failure of these test results to coincide with such general 
experience may have been due to such causes as the following: 

1 Some peculiar characteristic of the water. In this connec- 
tion, it would increase the usefulness of the test results if the au- 
thors could supply a typical analysis of the water. 

2 Effects of minor constituents in the tubes. Research 
abroad, and more recently in this country, has shown that the 
performance of the 70-30 copper-nickel alloy may be influenced 
to an important extent by such minor constituents as manganese, 
iron, zinc, and carbon. It is not suggested that this was an im- 
portant factor in the present tests, nevertheless, in order to corre- 
late these test results with other studies along the same line, we 
would be pleased if the complete analysis of the copper-nickel 
tubes could be reported. If such analyses are not available, we 
would appreciate the opportunity to have analyses made, using 
any portions of the test tubes which may still be available. 

Through the kindness of the authors of the paper, an opportu- 
nity was provided to make chemical analyses of sections taken 
from the copper-nickel alloy tubes which were included in the 


tests. These analyses yielded the following results: 
Composition 
Tube no. Cu Nia Fe Si Mn Cc Zn Sn 
16 69.30 29.8 0.22 <0.01 0.42 0.045 0.13 <0.01 
17 69.09 30.3 0.04 <0.01 0.38 0.050 0.05 <0.01 
18 72.61 24.2 0.15 <0.01 0.42 0.045 2.55 <0.01 
19 68.81 30.6 0.037 <0.01 0.48 0.045 <0.01 <0.01 
26 68.62 30.8 0.032 <0.01 0.49 0.045 <0.01 <0.01 


a By difference. 


Consideration of these analyses with particular reference to iron 
contents shows that of the 30 per cent nickel alloys for which data 
were given in the paper all contained very small percentages of 
iron. This is especially significant in view of results of research 
both in this country and abroad which have shown that the re- 
sistance of the 70:30 copper nickel alloy to corrosion by salt water 
is improved to a very considerable extent when the iron content 
is raised to 0.3 per cent or more. Consequently, the results of 
tests on these very low-iron-content alloys are probably not in- 
dicative of what can be expected from.similar alloys having sub- 
stantially higher iron contents. 

3 Nature of the corrosive attack. It is not clear from the nu- 
merical results of the test and the description of the nature of the 
attack, that the types of corrosion which occurred in the experi- 
mental condenser, and upon which the materials were rated, 
were characteristic of those which most frequently lead to failures 
of condenser tubes. 

For example, there apparently was very little inlet-end erosion, 
even in the admiralty tubes, since it was reported that the end 
sections (A and F) of the tubes suffered the least attack. Like- 
wise, there was no mention of dezincification, either general or of 
the plug type. 
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It is possible, therefore, that the ratings of the tube materials 
on the basis of the types of corrosion which occurred under the 
particular conditions associated with these tests would not apply 
to service in condensers where inlet-end erosion or dezincification 
are the principal factors determining the life of the tubes. 

4 Duration of the test. So far as the 70-30 copper-nickel 
alloy and aluminum-brass tubes were concerned, it appeared that 
the test had been terminated before either material had ap- 
proached the point of failure. In this connection, it would be 
interesting to learn the actual values of the maximum depths of 
attack of the various materials that formed the basis for the rat- 
ings in Table 8 of the paper. This point is especially important 
in so far as the comparison of copper nickel with aluminum brass 
is concerned. In reporting on British experience, R. May® 
stated: 

“At present the cupronickel must be looked upon as the most 
reliable as regards pitting, and it achieves this distinction not by 
a complete resistance to pitting, but by the fact that any pits 
which start tend to widen rather than deepen, so that they de- 
velop into small areas of comparatively shallow attack which 
easily become stifled by the formation of a new protective film. 
Aluminum brass, on the other hand, probably resists the start of 
pitting rather better than the cupronickel but, in abnormally cor- 
rosive conditions, the pits tend to deepen without becoming 
wider.” 

These effects were illustrated by the results of the ‘“‘impinge- 
ment”’ tests reported in Table 7 where the 70-30 copper-nickel 
specimens apparently developed fairly large shallow pits, whereas, 
the pits on the aluminum brass varied from small pits to pits of 
increasing depth, which reached a maximum in the case of speci- 
men No. 27 which, as noted by the authors, was pitted very much 
more than specimen No. 14 from the same tube. 

It is possible that the shallow pitting on the 70-30 copper- 
nickel tubes was proceeding at a decreasing rate and that, if the 
test. had been prolonged, the relative performances of these alloy 
tubes would have been better. 

5 Nonuniform distribution of water in the experimental con- 
denser. It is a well-known fact that the forces responsible for 
tube deterioration may vary from point to point in a condenser 
due to differences in water velocity, turbulence, and the release of 
dissolved gases. This subject has been discussed in considerable 
detail in recent papers.*7 Among the features of the condenser 
design that may influence tube performance are the design and 
location of the water-inlet nozzle and the water box. In. the 
present case, the installation of the horizontal and vertical bar- 
riers in the water box could hardly be expected to favor uniform 
conditions of water flow through the several tubes. For example, 
the installation of only 5 tubes in the !/.-condenser-box section 
containing the copper-nickel tubes, as compared with 15 tubes in 
the 1/2 section containing the aluminum-brass tubes, tended to 
favor a higher velocity of flow and greater turbulence in the cop- 
per-nickel tubes. It is difficult to estimate the probable extent 
of this effect without more detailed information as to the dimen- 
sions of the water box and inlet nozzle. Also, it seems likely that 
the vertical barrier between the copper-nickel and admiralty 
tubes was the source of extra turbulence in the lower half of the 
condenser, 

The advantage of the barriers in preventing water from coming 


5 “Condenser Tube Corrosion—Some Trends of Recent Research,”’ 
by R. May, Trans. Institute of Marine Engineers, vol. 49, 1937, pp. 
171-176. 

6“The Prevention of Failures of Surface Condenser Tubes,’’ by 
R. E. Dillon, G. C. Eaton, and H. Peters, Trans. A.S.M.E., vol. 59, 
1937, pp. 147-150. 

7“Condenser Tube Life as Affected by Design and Mechanical 
Features of Operation,” by A. J. German, Trans. A.S.M.E., vol. 61, 
1939, pp. 125-132. 
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into contact with more than one tube material was probably not 
very great, since the test unit was a single-pass condenser and the 
water could not pass through different materials in series. In 
addition, the mixing of the waters in the inlet and outlet pipes 
completed the electrolytic circuit so that any electrolytic effects 
which may have been present were not prevented by the water- 
box barriers. It is suggested that, if these barriers were to be 
eliminated and the tubes distributed at random, the effect of 
variations in water flow would be reduced. 

Presumably the condenser for which these tests were made was 
equipped with aluminum-brass tubes. If experimental lots of 
the other materials included in the preliminary tests were placed 
in the condenser, it would be interesting to compare the perform- 
ance of all these materials in the actual condenser with their per- 
formance in the experimental condenser. 


F. P. Farrcnitp.2 The problem cited had to do with a con- 
densing water of unknown characteristics so far as any actual ex- 
perience with surface condensers is concerned. While some of us 
do not have a problem of condensing water as severe as is involved 
in this paper, water conditions sometimes change rapidly and we 
are often confronted with new problems due to local conditions. 

The writer’s company has used admiralty-metal tubes exclu- 
sively on all surface condensers of the system. Tube life is com- 
paratively long, being 10 to 15 years on the Hackensack and 
Passaic River stations and at least 20 years on the Delaware 
River. Therefore, there has been little incentive to go to more 
expensive metals, at least until their longer life is definitely 
proved. 

On one condenser at the Kearny generating station, on the 
Hackensack River, for some as yet unknown reason there has been 
a case of rapid failure of admiralty tubes by corrosion, possibly 
due to local turbulence or a high-velocity condition. Within the 
last year several makes of admiralty-metal and aluminum-brass 
tubes have been installed in this condenser to determine their 
relative life. Indications are that aluminum brass shows no 
pitting or corrosion in 1 year of service, whereas, all the Admiralty 
tubes are excessively corroded. It appears, therefore, that alu- 
minum brass is a better metal than Admiralty for this particular 
condenser and water condition. 


F. E. Foster.’ In sharp contrast with England and Germany, 
the number of publications in this country dealing with the prob- 
lem of condenser-tube corrosion has been relatively few. The 
problem of condenser-tube failure even now is far from being 
solved, although causes and effects of many forms of tube failure 
are quite well understood. It is gratifying, therefore, that a step 
has been taken by the authors in the form of an investigation on 
a semiplant scale into the behavior of certain common alloys 
used in surface condensers. They have recognized the necessity 
for treating a particular project as a unique problem. Experience 
has shown that in most cases the selection of a particular alloy is 
dependent to a large extent upon the quality of the circulating 
water to be used. Needless to say, improper condenser design 
can destroy the benefits of a high-grade expensive alloy. 

After carefully considering this paper and bearing in mind the 
aims and reservations presented by the authors, it would seem 
desirable for them to give some further explanation of certain of 
their statements and of the conclusions which were deduced from 
the data. 

Their statement: “The liberation of corrosive gases within 
condenser tubes, owing to the increase of temperature and the re- 


8 Chief Engineer, Electric Engineering Department, Public Service 
Electric and Gas Company, Newark, N. J. Mem. A.S.M.E. 
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duction of pressure, is a principal cause of tube deterioration,” 
seems somewhat faulty. Corrosive gases which are no longer in 
solution in water would seem to be far less detrimental to a tube 
than when these gases, be they ammonia, hydrogen sulphide, or 
sulphur dioxide, are in solution. If the authors are referring, 
however, to the mechanical effects of entrained gases, then almost 
any gas, active or inert, would cause active tube destruction under 
certain conditions. It is pertinent to mention at this point that 
the general consensus of opinion is that the pitting of the inlet end 


>, of tubes as the result of entrained gases is the most prevalent 


* cause of tube failure. 

The authors endeavored to duplicate in their test apparatus 
the conditions actually existing in a working condenser. This 
would imply that, in their miniature condenser, the control of 
entrained air, water velocity, and flow conditions in the inlet 
water box had been effected. The apparatus as shown and de- 
scribed is an excellent attempt but appears to meet only partially 
these requirements. Although details respecting the appearance 
of the tubes after removal from the test condenser are scanty, 
the fact that the tube ends were in better condition than the cen- 
ter section bears out this contention. Also there is a possibility 
of a preferential action in certain parts of the test condenser as a 
result of the barriers which had been built into it. In addition, 
it would have been helpful if they had made a determination of 
the entrained air in the water supply. 

The impingement test that has been described here can best 
be referred to as an accelerated erosion test and, therefore, is sub- 
ject to all of the shortcomings of this kind of testing. 

It is interesting to note that the authors conclude that 70-30 
cupronickel tubing is excelled by aluminum brass with respect to 
impingement resistance. Cupronickel is generally considered, 
both on the basis of extensive laboratory work and upon service 
histories, to have the best impingement properties of any of the 
alloys studied. One of the unique characteristics of cupronickel 
is its tendency to form wide shallow pits rather than a deep pene- 
trating type usually found. The erratic behavior of certain of 
the samples in the impingement test, referring to tubes Nos. 11, 
21, 14, and 27, may have been the result of inadequate control of 
the jet velocities, the amount of entrained air, or the shape of the 
jets. The least likely cause is to be found in variations in the 
microstrueture or composition of the alloys. 

While the authors point out that their results obtain only for 
the conditions of their particular test setup, the conclusion that 
the degree of induced strain has no effect upon corrosion resist- 
ance of the alloys is contrary to all available information relating 
to the theory of corrosion. 


G.C. Hotper.’* The authors of this paper have undertaken a 
most difficult problem, choosing, as they did for their experiment, 
a locality where the water is very bad and presenting evidence 
which has always been controversial. 

Surface condensers are most important in attaining economical 
steam generation. Since the tubes are a vital part of this equip- 
ment, it is extremely essential that every effort be made to choose 
the proper material. This, the authors have attempted to ac- 
complish. 

There are many other factors in addition to the choice of mate- 
rial which have a definite bearing on the life of condenser tubes; 
such as retention of protective deposit on the surface, the amount 
of air and other gases entrained in the water. Fortunately the 
improvements in condenser water-box design and more efficient 
pumps have greatly reduced corrosive influences. All these are 
conditions over which the tube manufacturer has no control and no 
manufacturing procedure will overcome these cumulative effects. 


10 Chief Chemist and Metallurgist, Foster Wheeler Corporation, 
New York, N. Y. 
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The result has been for the tube manufacturer to produce vari- 
ous modified alloys for which are claimed certain improved quali- 
ties. It would now appear that conservatism is to be a thing of 
the past, as formerly a composition to be accepted had to undergo 
years of trial; aluminum brass underwent test for a period of some 
7 years before being generally recognized by the trade. 

It is most certain that cavitation had a decided bearing on tube 
failure at the inlet end, and that oxygen, carbon dioxide, or 
both must be present to enhance corrosion. Now it would seem 
that the logical thing to do would be to remove an annoyance, or 
at least to curb it, but little has been done along this line. The 
means of doing this is of no importance, whether it be done by 
baffling or other means. The writer has in mind an installation 
of admiralty tubes in a 20,500-sq ft condenser, the circulating 
water being highly polluted and brackish; the pollution consist- 
ing of sewage and heavy chemical industrial waste. The tubes 
showed signs of failure at the inlet end in about 9 months of ser- 
vice. An assembly to reduce cavitation and break up large-sized 
air bubbles was installed and, up to the present, no tubes have 
failed. The condenser has been operating satisfactorily since 
July, 1931. Means taken to overcome the condition might result 
in the use of lower priced tubes with satisfactory service life. 

The data, given in Table 8 of the paper, indicate that, in ratings 
3 and 4, of the aluminum-brass tubes, 6 were hard-drawn and 3 
annealed. The hard-drawn tubes showed greater localized cor- 
rosion than the annealed tubes, and the weight loss was less for 
the hard drawn. However, the fact that pitting is predominant 
is more disturbing than the over-all weight loss. Therefore, an- 
nealed tubes would be preferable and would also reduce season- 
cracking hazards. 

The paper, also, indicates that neither the actual size of the 
grain nor the so-called “uniformity” of size of the grain are con- 
trolling factors for corrosion inhibition. While this has been a 
widely discussed subject, to the writer’s knowledge, no one has 
ever been able to show that regular grain size inhibits corrosion. 
Nevertheless, it is always a point at issue. Quoting one who has 
been a member of the brass industry for a great many years: “TI 
know of no usage in the English language which would permit the 
use of the term ‘regular’ as descriptive of any grain-size photo- 
micrograph that I ever saw.” 

In the course of contact with the industry for some years, the 
writer has examined a number of tube failures and found both 
coarse- and fine-grain structures, or a combination which have 
been in service for both long and short periods. Several years 
ago, a sample of arsenical copper was examined by a disinter- 
ested person; his report follows: ‘‘This tube shows a very definite 
lack of knowledge of proper treatment during the drawing proc- 
ess, but the tubes of this installation have a service record of 18 
years with no renewals. The circulating water is highly con- 
taminated fresh water with high suspended matter.” This person 
was simply following the trend at that time. However, the ac- 
tual service record proved him to be 100 per cent wrong. 

The question of composition is also baffling. Some years ago, 
the writer examined a tube of English manufacture, taken from 
a ship condenser. 

The composition was as follows: 
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The microstructure showed an extremely worked condition, 
nevertheless, the records indicated a service life for this tube of 
11 years. It failed then only because of a slug of iron settling 
onthe tube. Many more similar cases could be cited. 
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As to the addition of a small amount of some elements called 
“Snhibitors” to the present composition to confer certain prop- 
erties, their virtue is problematical as the authors have pointed 
out regarding arsenic content. That these alloys will have in- 
stallations giving excellent service is acknowledged but, unless 
local conditions are favorable, failure too can be expected. 

A point very rarely taken into account in condenser work is the 
installation of tubes, which is by no means perfunctory and 
should be well supervised. 

For coastal installations, the writer personally prefers the use 
of ferrules instead of expanded tubes, the ferrules not to be bell- 
mouthed, but square-shouldered. The reason for this is that any 
floating object passing the ferrule will be small enough to pass 
through the tubes and not constitute a point for ensuing local 
corrosion or partial throttling. 


J. T. Kemp.!! The authors have made a notable contribution 
to American literature on the subject of condenser-tube evolution 
and usage. It is greatly to be desired that investigations and 
practical experience of this nature be reported generously. The 
experimental work at Providence described is more varied than 
most that has been done elsewhere. The observations have been 
analyzed ingeniously and a striking presentation of the relative 
values of the three alloy types is made. 

The work at Providence confirms earlier and as yet unpublished 
experimental work done by other power engineers and serves to 
give a comparison of the three most prominent alloys on a series 
of arbitrarily numbered scales. The comparisons are significant 
when confined to tube types, especially in so far as the superi- 
ority of the aluminum-brass alloy is demonstrated. The conclu- 
sion that temper of aluminum brass, either hard drawn or an- 
nealed, is not of itself a determining factor in corrosion resistance 
is sound and within our experience. The weight of American 
experience in actual service, however, is definitely on the side of 
the annealed tube. Judged by usage, the annealed tube is fay- 
ored by central-station operators on a ratio of better than 5 to 1. 
In part, this is due to considerations of condenser assembly and 
in part to a factor to which the behavior of hard-drawn sample 
No. 1 in the tensile test is possibly related, namely, an uncertain 
tendency for hard tubes to crack after a lapse of time. This 
tendency can be minimized by an appropriate manufacturing 
procedure but it persists nevertheless. A satisfactory mercurous- 
nitrate inspection test does not assure the user that a few of even 
the best made hard tubes will not crack eventually. This be- 
havior is entirely aside from resistance to corrosion or impinge- 
ment in its many forms. 

In expressing this opinion in regard to sample No. 1, the writer 
is interpreting the report on a basis of metallurgical experience. 
In his opinion, there is little advantage in the hard temper. 
Hard-temper aluminum-brass condenser tubes were first intro- 
duced to American engineers by an aggressive English source. 
Even in the hard temper, the English tubes were so much better 
than admiralty that they were accepted as a standard. The 
earlier American aluminum-brass condenser tubes had to be 
finished similarly to obtain acceptance particularly among marine 
engineers. This condition, however, was not of long duration. 

Comparative tests of different condenser-tube alloys have been 
made by the engineers of a number of power companies. The 
most frequent kind of test has been the insertion of a reasonable 
number of tubes of each of the kinds under consideration in a 
condenser already filled with admiralty and to watch the tubes 
under actual operating conditions. In the United States, tests 
of this kind, involving aluminum brass, date back to 1930 and 
1931, in Baltimore and New York, respectively, and to 1931, on 
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the West Coast. Not less than ten such tests have been run or 
are under way at the present time in central stations of major im- 
portance using tidewater for cooling. There have been others 
inland. So far as these tests have been completed or have been 
carried to a point of determining alloy policy, they have all shown 
a superiority of aluminum brass to admiralty. In a few in- 
stances, they have also shown aluminum brass to be superior to 
the cupronickels where the cooling water is seriously befouled. 

Accelerated tests and tests of a large number of specimens, in 
which alloys, finishes, and sources have been compared, have also 
been run elsewhere. Much the same conclusions have been 
reached as are now recorded by the authors. Perhaps the earliest 
of these tests was that conducted by F. R. Knight at Seal Beach, 
beginning in 1931, in which service tests were paralleled by high- 
velocity flow through a chain of short samples. More recently, a 
very complete series of tests has been made in New York by 
Messrs. H. A. Kidder, H. B. Reynolds, and W. Welch, Jr., all of 
the Interboro Rapid Transit Company. We hope that the ex- 
ceptionally complete data of the latter tests may be made public 
in due season. 

It may be opportune to add a few notes on aluminum brass to 
the sketchy historical data in the paper under discussion. Alu- 
minum brass, as we know it, the alloy of 76 per cent copper, 2 per 
cent aluminum, 22 per cent zinc was developed in England in the 
years following the first world war. A cooperative and remark- 
ably thorough research was conducted by the British Non-Fer- 
rous Metals Research Association and by the Corrosion Commit- 
tee of British Institute of Metals, with the encouragement of the 
admiralty and the active cooperation of the several English con- 
denser-tube manufacturers. A complete account of this work 
will be found in the Committee’s Annual Reports. 

The alloy quickly became established abroad. We in the 
United States were slower to take it up. At least we may say 
that certain manufacturing difficulties retarded the commercial 
production of aluminum-brass condenser tubes until 1931, when 
the first adequate tube-extruding press to be set up in this country 
went into operation, together with “‘tube-reducing rolls,” the 
necessary heavy draw benches and up-to-date annealing equip- 
ment. Electric melting, also essential, was established in 
American brass mills prior to that date. The first commercial in- 
stallation of American aluminum brass was made in the steam- 
ship Lebore late in 1930. 

Aluminum-brass condenser tubes were given rigorous testing 
in the laboratories of the company with which the writer is asso- 
ciated from the time the alloy first began to attract important 
attention abroad. Our early observations on metal of the nomi- 
nal composition were disappointing and led to some erroneous 
conclusions at the time. Continued work however brought to 
light the very important influence of small amounts of a fourth 
element, arsenic, on the behavior of the metal in contact with salt 
water. The English brass industry, by the way, is on a fire- 
refined-copper basis. British condenser tubes in consequence 
and as a rule are arsenical, both admiralty and aluminum brass. 
Once the significance of arsenic was appreciated on this side of 
the ocean, the production of aluminum brass was actively under- 
taken and has proceeded with increasing volume as the merits of 
the alloy have become more generally known. Aluminum brass 
has become the standard condenser tube for all but one of the 
stations on the East River. The first installation in New York 
was about 1000 of the English tubes at Sherman Creek in 1930. 
This was followed by the gradual replacement of admiralty by 
the English tubes at 14th Street over the next two years. Small 
lots of American aluminum brass were put in with the English 
tubes at this station. According to the writer’s latest information 
both are credited with an equal number of operating hours today. 

The use of arsenic was extended to admiralty-metal condenser 
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tubes by the same manufacturer in 1933, and at later dates by 
several other tube makers. Arsenic definitely improved the re- 
sistance of admiralty alloy to the form of corrosion known as de- 
zincification. 

It is a matter of great interest that the tests at Providence were 
run both in simulation of condenser operation in a small heat ex- 
changer and in a jet type of impingement device. The real sig- 
nificance of the latter test may be open to some question. It is 
a difficult thing to maintain a large number of jets of equal inten- 
sity, particularly when the water passing is drawn from a city’s 
harbor. There is, moreover, practically no such sharp erosive 
action as that caused by a jet in the open air in a surface con- 
denser. In fact there is here something of a suggestion that the 
significance of the word “impingement” is misleading when ap- 
plied to condenser-tube wear. Perhaps “erosion” would be a 
better word. Even then we must remark on the difference in ac- 
tion of a direct jet and the tangential flow of water entering a 
tube. Of late the thought on the erosive action of water entering 
a condenser tube has put more emphasis on the action of the air 
carried by the water, the formation and collapse of vapor bubbles 
and their influence on the formation and removal of the protective 
surface films on which the durability of a metal is really based. 
An interesting reference on this subject and one which goes a long 
way in explaining the relative behaviors of the several condenser- 
tube alloys is found in a report}? by R. May. 

So much has been said elsewhere than in A.S.M.E. circles in 
favor of the tensile test as a means of evaluating alloys exposed to 
corrosive operating conditions that it is interesting to read of its 
use in Providence and to be informed that the results of this test 
generally confirm the others. 

From the metallurgical angle, it is our opinion that the paper 
leaves a great deal unsaid. There is only the most general refer- 
ence to analyses, arsenic in the aluminum brasses alone being 
given and a passing reference made to the presence of phosphorus. 

It may be that the general conclusions would not have been 
altered by consideration of the complete analyses. Some at 
least were in the investigators’ hands. Other workers in this 
field have paid close attention to composition and have had rea- 
son to think that high, or low aluminum content was significant 
under the conditions of their tests. Space might have been found 
also for typical water analyses or at least the range in salinity, or 
whether there is a tendency toward the acidic side as might easily 
develop in such an industrial center as Providence. 

A recent experience of the writer with the corrosive effect of 
over concentrated boiler blowdown leads also to a question re- 
garding the condition of the exteriors of the tubes in the conden- 
ser test and whether action on the outside might have influenced 
the loss in weight and other figures. 


N. W. Mircuety."? Interesting results are obtained by the 
authors of this paper using tests which include conditions ap- 
proximating those of actual condenser-tube service. In general, 
the results confirm considerable previous knowledge and opinion 
on the behavior of the condenser-tube alloys tested. It appears 
that, under the conditions of the test in the experimental con- 
denser, impingement attack is the dominating form of corrosion 
encountered. No dezincification or other form of corrosion is 
noted, and it appears likely that the pitting attack which takes 
place is the result of impingement. It would be interesting to 
ascertain whether the type of pitting is typical of impingement, 
i.e., characterized by horseshoe-shaped pits with nodules of metal 
projecting from their centers. Assuming that conditions in the 


12 Bighth Annual Report of the Corrosion Committee, British In- 


stitute of Metals, 1928. 
13 Metallurgical Engineer, Chase Brass & Copper Company, Water- 


bury, Conn. 


527 


condenser were favorable for impingement attack, the close corre- 
lation between the results of the corrosion test and the sepa- 
rately conducted impingement test is to be expected. It should 
be noted, also, that since dezincification apparently does not oc- 
cur, the effect of the addition of elements, such as arsenic and 
phosphorus, would not be shown. 

It is interesting to note that no difference is found in the be- 
havior of annealed and hard-drawn aluminum-brass tubes. This 
confirms our opinions, derived from actual service experience and 
test results. The fact that, in the impingement test, two halves 
of the same tube showed widely divergent results illustrates the 
eccentricity of corrosion phenomena and the difficulty of obtain- 
ing completely convincing results with any limited corrosion test, 
however well conducted. 

The behavior of cupronickel, as shown by the results in the 
paper, is surprising and contrary to the opinion of most people. 
It has been widely believed that cupronickel is a generally superior 
alloy for all-round corrosion resistance, and particularly for im- 
pingement attack. There have been a few reports indicating that 
impingement attack of cupronickel may take place in relatively 
short periods of time and, in view of the widespread use of this 
material by the Navy, it would appear that further experimental 
work should be conducted. 

The authors conclude that proper manufacturing procedure is 
an important factor in the production of corrosion-resistant alu- 
minum-brass tubes. They, however, offer no data whatever to 
substantiate this conclusion, and the method of manufacture of 
the various tubes is not given. If they have in mind that the 
tubes should be free from obvious defects, it is of course agreed 
that a sound tube is desirable. We do not agree, however, that 
the method of manufacturing plays any part in the corrosion be- 
havior of the alloy. According to all our data and experience, 
tubes produced by any one of three or four commonly used meth- 
ods behave identically with regard to corrosion and impingement 
attack, all other things being equal. It is well known, of course, 
that tubes started by any of the common manufacturing methods 
have identical finishing operations, giving no basis for any differ- 
ence whatsoever in the final tube. 


W. B. Price.!4 In contact, with salt or brackish circulating 
water, particularly under conditions which result in impingement 
attack on the tubes, aluminum brass, as a condenser-tube mate- 
rial, has been found to give excellent service. The superior per- 
formance of aluminum-brass tubes under the particular test con- 
ditions, cited in the paper, is therefore not surprising and appears 
to be fully substantiated by the test results. The authors also 
report that cupronickel tubes are on a par with, or superior to, 
the best of the admiralty tubes. In recent years, 70-30 copper- 
nickel tubes have come into increasing use where service condi- 
tions are particularly severe and, in many cases, they have given 
5 times the service life of admiralty metal. In this particular 
case, the comparison between cupronickel and admiralty metal 
was based on tests of comparatively few tubes (three 70-30 copper 
nickel, one 80-20 copper nickel, and seven admiralty tubes) 
and might, therefore be misleading. In the writer’s opinion, a 
similar test of a greater number of tubes of both alloys might 
show a definite superiority in the corrosion resistance of copper 
nickel. Incidentally, the single 80-20 copper-nickel tube was at 
least equal in performance to the 70-30 copper-nickel tubes in this 
test, which is contrary to the general experience with these two 
alloys under varied service conditions. Here again, a test of a 
greater number of tubes over a longer period of time would prob- 
ably show a greater difference in the corrosion resistance of these 
two alloys. 


14 Chief Chemist and Metallurgist, Scovill Manufacturing Com- 
pany, Waterbury, Conn. 


528 


The authors have not given any information in regard to the 
type or form of corrosion which was found in their examination 
of the condenser-test specimens. It would be interesting to know 
in this connection, whether dezincification of the admiralty- 
metal specimens was experienced and to what degree. Some in- 
formation was given in the paper concerning the arsenic and 
phosphorus content of the aluminum-brass samples but similar 
information was lacking in regard to the admiralty-metal speci- 
mens. , The sole purpose of the addition of a small percentage of 
arsenic, antimony, or phosphorus to condenser-tube alloys is to 
inhibit dezincification of such alloys in service. The presence or 
absence of these elements in the Admiralty-metal tubes under 
test, as well as the extent of dezincification of these samples, 
would be of interest. 

It would be helpful to a better understanding of the subject 
matter of this paper if the authors included an average or repre- 
sentative analysis of the circulating water which was used in the 
tests. 


C. B. Rexves.!® The author’s conclusion that aluminum 
brass is a superior metal for condenser tubes which are to operate 
under the conditions of their experiment is supported and ex- 
tended to include typical operating conditions on ocean-going 
merchant steamships by experience which the writer’s company 
has had in supplying surface condensers for that service. 

The first condensers which the company made and fitted with 
aluminum-brass tubes as original equipment were put into service 
in late 1931, and 1932. Twenty-one separate condensers, having 
a total cooling surface of 62,000 sq ft are included in that group. 
All twenty-one of these condensers are installed on modern steam- 
ships which have been in regular operation on long ocean voyages. 
Not one of these twenty-one condensers has yet been retubed, nor 
has any of the condensers which the company supplied with 
aluminum-brass tubes at later dates. 

While our records contain instances in which condensers fitted 
with admiralty tubes have operated for the same length of time, 
they form a small minority of the total number of admiralty-tube 
installations, and the conclusion that aluminum brass is superior 
cannot be avoided. 

With regard to the degree of anneal for aluminum-brass tubes 
and the method of securing them in the tube sheets, our practice 
has been to employ relatively hard tubes in accordance with the 
recommendation of the English manufacturers from whom we 
secured the greater part of the tubes used in our earlier installa- 
tions, and to expand them into the tube sheets at both ends to 
give a positive metal-to-metal seating in order to eliminate all 
seepage of salt water into the condensate in accordance with the 
demands of the marine engineers for whom the condensers were 
built. 

Realizing the possibility of setting up dangerous local stresses 
at the tube ends, the following installation methods were de- 
veloped to minimize the amount of cold-working necessary to 
seat the tube tightly. As a first step, close tolerances were es- 
tablished to cover both the outside diameter of the tubes and the 
finished diameter of the reamed tube-sheet holes into which they 
were to be expanded, with the result that the clearance between 
tube and hole was held close to the practical minimum for initial 
placement of the tubes. Then the bore of each tube-sheet hole 
was serrated with shallow grooves for a part of its length so that 
sufficient holding power, against forces tending to pull or push 
the tubes out of the holes together with complete sealing against 
leakage, could be generated with a fraction of the amount of 
rolling required with a plain hole. Operators were given pre- 
liminary training in expanding test tubes into model tube sheets 


18 Condenser Department, Ingersoll-Rand Company, New York, 
Nays ~~ 
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TABLE 11 TESTS ON CONDENSER CIRCULATING WATER 
PROVIDENCE, R. I., OCTOBER 16, 1926 
Intake Water, Temperature, 110 F 
Kick 1-min standard, 
mv mv 
Nickel :8B=15% vcc:acha a avg ase stn ev eeeeuers. 8 61/2 
Pisin admiralty. 2. ec sae tenes te she 17 10 
Blackskin: ad miraltyic. celeste «droite elesier 8 61/2 
Second test on nickel................ 12 83/4 
Discharge Water, Temperature, 80 F 
INIGKEl?. cue ce sap asa ee cellar es eerie 7 4 
Plain admiralty jncie<ees-cns sims eiehs Sok 8 5 
Blackskin admiralty. o: asses aver o1es6's 31/2 3 scant 
Deap Low TipE 
Discharge Water, Temperature, 110 F 
Nickel, "85-15% 2st > ereraeeeie ole rte 13 8 
Plain Jadmiralt yao... ees ites 11 9 
Blackskin admiralty..............--. 2 l/s 
Nore: Using distilled water on three samples, needle movement hardly 
perceptible. 


United Electric Railway Company, Winchester Street Station, Providence, 
R. I. Witnessed by J. C. Millard, F. L. Itschner, B. F. Keene, and C. O. 
Evans. 
until examination of their work showed that they had mastered 
the feel and torque of the expanding tools to the extent that they 
would invariably stop the expanding operation as soon as the 
tube was seated, and well before a dangerous degree of cold- 
working was attained. The exceptional life that the tubes in- 
stalled in this way have given in the twenty-one condensers 
mentioned will demonstrate that careful manufacture can be re- 
lied upon to prevent metal failures in the tube ends, resulting 
from expanding operations. 


H. A. Stapies.1*® While it is recognized that the conclusions 
drawn from an accelerated test on condenser tubes or from a 
model or experimental unit are not final, they are at least indica- 
tive and we commend the engineers responsible for this installa- 
tion in attacking their problem in such an intelligent manner. 

This test is of special interest to us for the reason that, in 1925, 
this original problem was taken up with us, as a general fear ex- 
isted in an adjacent powerhouse, that surface condensers could 
not be used in Providence harbor because of bad circulating water. 

On the basis of tests on this water dated October 16, 1926 
(Table 11 of this discussion), we expressed the opinion that, with 
properly designed condensers and using the proper alloy, surface 
condensers could be used. We suggested the installation of a 
model condenser and submitted drawings for such a unit. The 
test condenser was built along the lines we suggested and pre- 
liminary tests were inaugurated. 

It is not possible, in the course of a short discussion, to cover 
completely all aspects of a paper so filled with pertinent facts, and 
we may wish, at a later date, to amplify our remarks but at this 
time we would like to call attention to two significant points 
brought out in the report: 

1 That neither the size of the grain nor the uniformity thereof 
are factors in the corrosion resistance of condenser tubes. 

2 The variation in the percentage of arsenic did not appear 
to be a factor in the rate of corrosion. 

It is a source of deep satisfaction to the writer that we have 
reached a point in the study of corrosion of condenser tubes when 
practically all engineers agree that there are three parts to the 
problem, i.e., the tube, the condenser itself, and the operating 
conditions. 

Today, we find a widespread recognition of the fact that there 
are many factors affecting the life of condenser tubes which are 
not related to the tube itself. The tube manufacturer, however, 
has appreciated the fact that tube quality was one of the variables 
and therefore, has inaugurated improvements in his manufactur- 
ing technique which have resulted in a steady and consistent 


16 Phelps Dodge Copper Products Corporation, New York, N. Y. 
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improvement in the quality of tubes, metallurgically, physically, 
and mechanically, so that there are available today condenser 
tubes embodying a standard of quality impossible to obtain two 

_or three decades ago. 

- Consider for instance the old practice: Admiralty tubes made 
from cast shells; the alloy melted in pit fires with natural draft; 
small unit melts which resulted in wide variations in analysis and 
quality; cast in iron molds with a built-up core of hay, sand, and 
clay; and, at one time, horse manure mixed with molasses as one 

.of the core materials, and cold drawn to the finished size. 

_ The next step in the improvement of admiralty was the turning 
or machining the inside and outside of the shell casting, also the 
use of the ‘‘cupping” process. 

Today, this, as well as other tube alloys, are cast in large units 
from electric furnaces under accurate temperature control. Each 

“heat” is analyzed. The exterior surface of the billets is re- 

_ moved; the billets are then forged and extruded under high pres- 
sure and the resultant “extruded” tube carefully examined before 

‘receiving subsequent cold-working and drawing. Dies and tools 
are chrome-plated or made from tungsten-carbide steel. 

. Final inspection, as it exists today, on the resultant product is 
go severe, so searching, and of such a high quality, that it is 
doubtful if one tube, manufactured under the methods in vogue 

years ago, would be “accepted” today. Therefore, if tube life 

, was wholly dependent upon quality alone, we would not be faced 
with the condenser-tube-corrosion problems which exist today. 

We all recall that in the early days, in the minds of engineers, 
when tubes failed, it was not a prima facie case of bad tubes but a 
conclusive case. 

We sincerely trust that the problem will be approached, in the 
future, to even a greater degree than now, on the basis of an 
analysis of all the facts; that engineers will continue to endeavor 
to design condensers and plan their installations in such a manner 
that the failure of condenser tubes will cease to be a matter of 
such grave concern as it is at present. 


W.R. Wesster.” There is probably no important engineering 
material concerning which there have been as many exparte 
claims, regarding the importance of this, that, or the other com- 
position, treatment, or procedure, unaccompanied by any suf- 
ficient supporting evidence, as is the case with the condenser tube. 

This paper is therefore welcome in that it reports the results of a 
scientific investigation intended to determine facts. It amply 
confirms one already well-established belief, namely, that alu- 
minum brass is superior in corrosion resistance to admiralty metal 
under normal conditions. It does not, however, support another 
belief widely held that cupronickel is superior to both. The com- 

\ plete accuracy of these tests is, however, open to some question, 
due to wide variation in results from sample to sample. This 
may be because, in all probability, all tubes did not receive an 
identical exposure to the corroding media. On no other grounds 
can the differences observed in the case of tubes of approximately 
the same characteristics be explained, although the law of aver- 
ages would correct this situation as between tubes of widely dif- 
ferent characteristics. 

It is regretted that the opportunity was not embraced to test 
the condenser. This could readily have been done since it would 
have been an easy matter to make sufficient tubes to equip it 
from one casting, all manufacturing operations being controlled 
with extreme accuracy. Should these tubes then have shown as 
wide variations in corrosion resistance, as occurred in the original 
test, it would be difficult to avoid the conclusion that each tube 
had been subjected to a different intensity of exposure. It is 
hoped that the authors will arrange to conduct such a test since it 
would add much to the value of the present paper and might help 


11 Bridgeport Brass Company, Bridgeport, Conn. Mem. A.S.M.E. 
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to controvert a widely held belief that the causes of unsatisfactory 
performance always reside in the tubes. 

It is noted that the results give no support to the long-held 
grain-size theory which never had any evidence to substantiate 
it, although much to refute it. It is hoped that it is now dead 
beyond resurrection. 

Certain omissions are noted, the addition of which would add 
greatly to the value of the paper, among which are chemical 
analyses of the various samples. This is particularly true of the 
cupronickels as the presence of manganese and iron are known 
substantially to increase corrosion resistance. In Table 4, of the 
paper, the presence of tin is indicated, although this ingredient 
is not normally found in the cupronickels. It is also noted that 
the 20 per cent nickel does not show the poorest performance of 
the nickel tubes although experience indicates that it is markedly 
inferior to the 30 per cent. 

It is questionable whether the impingement test represents 
true impingement attack, as this requires the presence of air in 
quantity. Further, if air were present in the test it would be 
doubtful if it were uniformly distributed from jet to jet. 

In the final summary, conclusion 7 is not supported by any 
data coordinating, any manufacturing procedure with any varia- 
tion in performance. It is, therefore, irrelevant to this discussion 
and in addition has no more application to condenser tubes than 
to any other high-grade material. 


AurHors’ CLOSURE 


The discussion of this paper as given by the various contribu- 
tors is much appreciated. 

The discussions by Messrs. LaQue and Crawford relate almost 
exclusively to the findings with respect to the copper-nickel 
tubes. They are at a loss to account for the relatively poor show- 
ing of the tubes of this type in comparison with the tubes of the 
aluminum-brass type. The authors of the paper were equally 
surprised at the results of the test. They expected copper-nickel 
tubes to show an outstanding superiority over the aluminum- 
brass and admiralty tubes. 

Regret was expressed that the composition of the water was 
not given. This was purposely omitted for the reason that no 
one analysis would tell the true story. The cooling water used 
for condensing is virtually at head tide. This means that at 
high tide there would be a tendency for the water to be slightly 
alkaline, although possibly not greatly so because of the small 
rise and fall of the tide at that point, and at low tide the water 
would be slightly acid in character because of the fact that the 
water would be essentially that of the Providence River and its 
tributaries which collect sewage and waste from many of the tex- 
tile plants and communities which lie along their shores. 

The authors agree with the thought that these tests may not 
apply to service in condensers wherein an erosion or dezincifica- 
tion is the principal factor determining the life of the tubes. It 
must be remembered that, in initiating this investigation, it was 
the feeling of the authors that through an impingement and 
condenser test it might be possible to get some idea as to the 
relative merits of condenser tubes of the aluminum-brass and 
admiralty compositions. A few copper-nickel tubes were added, 
with the feeling on the part of all of those concerned in planning 
the test that there would be no question about the outstanding 
superiority of the copper-nickel tubes, though with some doubt in 
the minds of those engaged in the work as to whether or not the 
extra cost of these types of tubes could be justified, especially if 
the aluminum-brass tubes made a good showing. The authors 
are as much disturbed over these findings as are Messrs. LaQue 
and Crawford, for they agree that, in most instances of severe 
service, there is no better tube composition than the copper nickel. 

The rating of the tubes, as given in Table 8 of the paper, was 


530 


based on actual measurements in most cases, although, where 
there was insufficient material for sectioning, it was based on 


observation. The ratings are as follows: 
Tube no. Depth of pit, in. Tube no. Depth of pit, in. 
1 0.001 15 0.002 
2 0.025 16 No test 
3 Observation ANCE 0.012 
4 0.003 18 Observation 
5 0.001 19 Observation 
6 0.002 20 0.004 
7 less than 0.001 PAL 0.004 
8 0.015 22 0.007 
9 0.002 23 0.013 
10 0.002 24 0.004 
11 0.007 25 0.010 
12 0.0Q1 26 0.006 
13 0.002 2, Observation 
(part of 14) 
14 0.002 30 0.018 


Mr. Fairchild’s comments concerning the experience of the 
Public Service Corporation with condenser tubes at their various 
stations are much appreciated. 

With respect to the comments by Mr. Foster, the authors, in 
their statement, ‘‘the liberation of corrosive gases, etc.,’’ referred 
mainly to the mechanical effects of entrained gases. 

The authors recognize that, in the development of any appa- 
ratus, it is possible continually to make refinements, but these 
refinements take time and are costly. The authors feel that, 
for the purpose of the investigation, the apparatus used was 
satisfactory. 

The authors agree that corrosion resistance should, within cer- 
tain limits, be affected by the degree of induced strain. They 
recognize that the test was not of sufficiently long duration for 
such a finding to be effective and that was why they guarded 
their statement about the effect of strain with the statement that 
their results “obtain only for the conditions of this particular 
setup.” 

The comments of Mr. Holder, with inclusions as to his experi- 
ence, are very helpful. 

The discussion by Mr. Kemp has added materially, in the 
author’s judgment, to the value of the paper. The authors have 
no preference as to whether the water-jet test be described as an 
‘Smpingement”’ test or as an “erosion” test. They used the 
word “impingement,” because they felt it more nearly described 
the type of test. 

It is possible that some further light might have been thrown 
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on the findings by complete chemical analysis of the materials 
used in the test. Personally, however, the authors question if 
such would have been the case. 

Mr. Mitchell questions the propriety of one of the authors’ 
conclusions to the effect that “proper manufacturing procedure 
is an important factor in the production of corrosion-resistant 
aluminum-brass tubes.”’ The very fact that the aluminum-brass 
tubes as a class did not show the same rating would indicate that 
manufacturing procedure is an important factor, especially so 
since these tubes came from various concerns. Also, since the 
paper was written the authors can state from first-hand experience 
that proper manufacturing procedure is a most important factor. 

The authors are in full agreement with the comments by Mr. 
Price with regard to the copper-nickel tubes. No dezincifica- 
tion was found in any of the tubes tested, though it is possible 
that, had the tests been continued over a period of several years 
instead of but 2 years, there would have been dezincification. 
The reason for not giving the analysis of the circulating water 
was covered in the discussion of the comments by Messrs. LaQue 
and Crawford. 

Mr. Reeve’s discussion of his own personal experience and the 
experience of his company with condenser tubes in general and 
aluminum-brass tubes in particular is most helpful. 

Likewise, the comments of Mr. Staples are of significance and 
importance as he discusses in quite some detail manufacturing 
procedure. 

Most of the matters brought up by Mr. Webster have been 
treated previously in this closure, especially under the comments 
on the discussion by Messrs. LaQue and Crawford. Particularly 
is this true with respect to the discussion on the copper-nickel 
findings. The compositions given in Table 4 of the paper are 
type compositions, as indicated in the section of the paper en- 
titled ‘“Chemical Composition.”’? The authors have often wond- 
ered why maximum tin contents are included in these type 
compositions for, to the best of their knowledge, it is seldom 
found. In the analyses which were made under the direction of 
Messrs. LaQue and Crawford less than 0.01 per cent tin was 
found. 

The support for our statement with regard to manufacturing 
procedure is given in our discussion of the comments by Mr. 
N. W. Mitchell. 

In conclusion, the authors again wish to thank all those who 
contributed discussions to this paper, for it is their conviction 
that the value of a paper is greatly enhanced by a full and 
general discussion of its contents. 
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Thermometric Time Lag 


By RUDOLF BECK,! BRIDGEPORT, CONN. 


The purpose of this paper is to present facts and theory 
of thermometric time lag in a form suitable for industrial 
users of thermometers. The emphasis will be on the dis- 


‘ tant-reading type of thermometer, actuated by liquid 


expansion (mercury or other liquids), gas expansion, or 
vapor pressure, and mercury-in-glass therometers. 


WENTY years of experience in thermometer work has 

demonstrated to the author that the phenomenon of time 

lag is but little understood by industrial thermometer 
users, either as to character or quantitative value. Specifications 
written without knowledge of the character of time lags are 
likely to be meaningless, and cannot be checked accurately with- 
out additional explanations. One of the purposes of this paper is 
to propose a definite form of specification, which permits the 
use of a simple method of measuring time lag. 

The most frequent form in which questions relating to time 
lag are put, is as follows: How long will the thermometer take 
to indicate a change of say 10 deg? Or, a specification will stipu- 
late that a change of 10 deg is to be indicated within 30 sec. 

No definite answer can be given to the question, nor could the 
specification be checked without an additional stipulation, for 
instance, that the thermometer show the changed temperature 
accurately to within 1 deg. The approach of the indication to 
the true temperature is asymptotic, i.e., requires theoretically 
infinite time. Ifa thermometer takes 30 sec to indicate a sudden 
change of 10 deg to within 1 deg, it will require another 30 sec 
to come to within 0.1 deg. This is the most fundamental char- 
acteristic of thermometer response, and should be kept clearly 
in mind. 

Let us now consider the specification, ‘“‘a change of 10 deg is 
to be indicated within 30 sec.’’ If we set about checking this 
specification by means of a stop watch, we would get quite differ- 
ent results if we considered an approach of 1 deg as up to tem- 
perature, than we would if we considered 0.1 deg as up to tem- 
perature. In the second case, the time would be twice that of 
the first. It may be mentioned at this point that measurement 
of time lag by attainment of the final temperature is quite un- 
satisfactory, for the reason illustrated in the example given. The 
theory of time lag, as explained later, yields a method which per- 
mits taking time readings at two points of the scale, which are 
passed by the indicator fairly rapidly and, therefore, can be timed 
accurately. 

A second form of specification encountered is as follows: “If 
the medium in which the bulb is inserted changes its tempera- 
ture at a rate of 1 deg per sec, the thermometer must not lag 
behind more than 10 deg.’’ This form is in itself complete, but 
is unsatisfactory, inasmuch as no means are available for de- 
termining the true temperature of the medium, as any reference 
thermometer used will in itself have a time lag. If this time lag 
is known, it may be added to the difference of the two thermome- 


1 Research Engineer, Manning, Maxwell & Moore, Inc., American 
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ter readings to obtain the true time lag. However, in order 
to determine the absolute time lag of the reference thermometer, 
some method will have to be employed similar to the one to be 
proposed. Also, to obtain a uniform rate of temperature change 
in a medium for test purposes, as stipulated by the specification, 
is much more complicated than the method suggested later; 
therefore, this method of writing time-lag specifications is imprac- 
tical. 


THEORY oF THERMOMETRIC LAG 


The theory of thermometric lag is based on Newton’s law of 
cooling, which states that the heat quantity, transferred from 
one body to another, is proportional to the temperature difference 
of the two bodies. The rate of temperature rise of a body, as, 
for instance, a thermometer bulb, will be proportional to the heat 
transferred to it; therefore, in accordance with Newton’s law, 
also proportional to the temperature difference between the bulb 
and its surrounding medium. 

Those interested in the mathematical development and further 
refinements of theory are referred to a report? by D. R. Harper, 
3rd. The author proposes to adopt for industrial purposes the 
letter L for the time lag, as defined there.2 The two definitions 
of Z are as follows: 

1 If a thermometer has been immersed for a long time in a 
bath whose temperature is rising at uniform rate, L is the number 
of seconds between the time when the bath attains any given 
temperature, and the time when the thermometer indicates this 
temperature. In other words, it is the number of seconds the 
thermometer “‘lags’’ behind such a temperature. 

2 If a thermometer be plunged into a bath maintained at a 
constant temperature (the thermometer being initially at a 
different temperature), 1 is the number of seconds in which the 
difference between the thermometer reading and the bath tem- 
perature is reduced to 1/e times its initial value, where e = basis 
of natural logarithms = 2.718; !/e = 0.4 (approx). 

The first definition is the most useful one in predicting the be- 
havior of thermometers under various conditions. The second 


2 “Thermometric Time Lag,’ by D. R. Harper, 3rd, U. 8. Bureau 
of Standards, Bulletin No. 185, 1912, p. 659. 


220 


=n 


peace sea te 
200 Ty Gini) ai 
36.8° ¥. | 


| SOLID CURVE CALCULATED FROM L=3.66 SECONDS; 
| THIS VALUE OBTAINED AS AVERAGE OF |!2 READINGS 

OF TIME REQUIRED BY POINTER TO TRAVEL FROM — 
j Il TO 174.2° WITH BULB IN 2il° 


| x ARE TEST POINTS FROM 5-TEST SERIES 
| THE SPREAD OF TEST POINTS AT 3 AND 6 SECONDS | 
IS MAINLY DUE TO OBSERVATION ERRORS CAUSED 

BY THE HIGH SPEED OF THE POINTER MOVEMENT. 
AT 12 SECONDS AND ABOVE, TEST POINTS WERE SO 
CLOSE TOGETHER THAT THEY COULD NOT BE 
SHOWN SEPARATELY 


de. 
3 6 9 \2 15 18 
SECONDS 


THERMOMETER READING, F 
eS 
fe) 


Fic. 1 Trmm-TemMprRATURE Curve or A Mpercury-ActuatTep DiaL 
THERMOMETER 


531 


532 


definition provides a convenient method of measuring L. The 
time ZL in seconds is the same in both cases; the mathematical 
relationship is shown in the Harper reference.? Note also that 
L is independent of the temperature scale used. 

Fig. 1 shows the typical behavior of a thermometer bulb. The 
points have been determined directly by experiment; the curve 
has been calculated from L, determined by the simplified test 
method described later on. 

In the following sections, we will first discuss the use of L for 
predicting the behavior of a thermometer under various condi- 
tions; list various factors affecting L; then describe methods of 
determining ZL and, finally, give actual values of Z for different 
types of thermometer systems, sizes of bulbs, etc. 


Uses or Time-Lac Constant L 


In the first definition, L represents the time the thermometer 
will lag behind the actual temperature. In the case of a constant 
rate of temperature change, this time is the same for any rate of 
temperature change. Let us suppose L is 10 sec, the temperature 
rising at a rate of 2 deg per sec, and the thermometer reads 100 
deg at a certain instant. By definition, the actual temperature 
was 100 deg 10 sec previously and, as it is rising at a rate of 2 deg 
per sec, it is now 100 + (10 X 2) = 120 deg. In other words, 
the thermometer is lagging 20 deg. Generally, we can say that, 
if the temperature changes at a rate of m deg per sec, the ther- 
mometer will at any definite moment show n X L deg either less 
or more than the actual temperature, depending upon whether 
the temperature is rising or falling. Rate of change n may be ex- 
pressed in any standard temperature scale, as Fahrenheit or 
centigrade; the result, of course, must be taken in the same scale. 

The foregoing relation is true only if the rate of change n has 
been maintained for a certain length of time, which, for practical 
purposes, can be taken as 3 to 4 L. This will be explained later. 

The second definition states that L represents the time it takes 
a thermometer, if transferred to a higher temperature 7’, to move 
from one indication 7; to another one T2, which is 1/e of the 
original temperature difference 7 — T, below the final tempera- 
ture 7’. In other words, L is the time for the thermometer indica- 
tion to proceed from 7; to T2, if T: = T —1/e (T — T;) = 
0.368 (7 — T;). Generally, it will be desired to determine the 
time required to come within smaller percentages of the final 
temperature. The factor !/e brings us to within 36.8 per cent 
(roughly 40 per cent) of the final temperature. The general 
formula brought into a convenient form is 
‘coe log!/a - 

loge 
where Sa = total number of seconds to come within a times the 
difference of initial and final temperature, and 


i yearend Mien 
a T— Ts 
The following table shows ¢ for various values of a, and gives 
a fairly good picture of the behavior of a thermometer: 


a 
Sa 


0.20 0.01 
1.6L 2.3L 3L 4.6L 


0.001 


0.50 0.368 
0.7L L 6.9L 


Suppose we transfer a thermometer suddenly from 100 deg to 
200 deg, and want to know when the thermometer indication will 
have reached 199 F. In this case, 7 = 200, Ti = 100, T2 = 199, 
200 — 199 _ 0.01 
200— 100 
4.6 Lfora = 0.01. If the change were from 190 to 200 deg, and 
we again want to know the time of reaching the 199-deg mark, we 
will use the value 2.3L fara = 0.1. 


anda = We will, therefore, take the value 
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To give a yet clearer picture of the thermometer response, 
actual values are inserted in the following table for a thermometer 
having a time lag L = 10 sec, which has been suddenly transferred 
from a 100-deg bath into a 200-deg bath: 

Thermometer reading, F........ 100 150 163.2 180 190 195 199 199.9 
Time elapsed, sec............. 0 7 UO) GE Bey Si ee 69 
It is possible to reduce practically all thermometer-response 

problems either to the case of a uniform rate of change, or of a 

sudden change of temperature at the bulb, or to a combination of 

both. For practical purposes, we can say that, in case of a sudden 
change, it requires 3Z to get fairly close to the final temperature, 
or 5L if we want to be very accurate. For a temperature 

changing at a rate of n deg per sec, the thermometer will lag n 

x Ldeg. If we start from a steady temperature at which the 

thermometer shows the true temperature, and then change at a 
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rate of n deg per sec, we will not develop the full temperature 
lag of n X L deg until after a time of about 3L. This type of be- 
havior is shown in Fig. 2. 

For cases of a more complicated nature, a graphic method can 
be used. This method is illustrated in Fig. 3. It is based on a 
reversal of the formula for temperature lag. We found that n 
x L = T; represents the temperature lag 7 for a rate of change 
of ndeg. Inversely, if the temperature difference 7’. between bath 
and bulb is known, we can draw the conclusion that the thermom- 
eter indication will change at the rate of n deg per sec. The 


rate of change will be n = 7;/L. In this case, 7) is the difference 
between actual temperature and thermometer reading at any 
time. 

Fig. 3 shows the application of this relation to the study of an 
pjirregular temperature curve, as may occur in a thermostat- 
‘controlled room, and its reaction on the thermometer indications. 
The upper curve shows the actual temperature; the lower one 
starts with the initial bulb temperature. A zigzag curve has 
been chosen to show the relation between actual temperature 
"swings and the swings shown by the thermometer. For calcula- 
tion, the true temperature curve is divided into convenient 
elements, and the mean temperature assumed as being effective 
on the bulb. The corresponding rate of change for the bulb is 
calculated from the difference between bulb and true tempera- 
ture. 


Factors AFFECTING TimE-LaGc Constant L 


In the discussion so far, L has been assumed to be a constant. 
‘It is constant for practical purposes only, in the same medium 
and for the same rate of agitation or speed with which the medium 

ypasses the bulb. It varies widely for different mediums, such as 
water and air, and for different speeds of the medium past the 
bulb. Actual comparative values will be given in the section on 
_ “Values of L.” 
\ For similar bulb constructions, and bulb lengths more than 3 to 
‘4 times the bulb diameter, L will change somewhat faster than 
the bulb diameter. In other words, a bulb about twice the diam- 
eter will have an L slightly more than twice as large. The use 
of a separable socket will considerably increase L, because of the 
space between bulb and socket, and the size of this space will 
have quite an influence, also the medium used to fill up this 
space, aS mercury, graphite, copper dust, etc. 

The formulas derived from Newton’s law apply to the heat 
transfer to the bulb only, and do not allow for any lag between 
bulb temperature and indication. In all thermometers actuated 
by liquid expansion, the amount of liquid which is displaced from 
the bulb is so small that there is almost no frictional resistance in 
the capillary connection. The interval between the time the 
bulb reaches a certain temperature and its indication on the dial 
is, therefore, practically negligible. Also, in liquid-filled distant- 
reading thermometers, the pressure differential available to push 
the liquid through the capillary is relatively high, as such thermom- 
eters employ pressure ranges of 800 to 2000 psi. 

In other words, in a properly constructed liquid-expansion 
thermometer, time lag is caused almost entirely by the delay in 
bringing the bulb to the temperature of the surrounding medium, 
and not by any failure of the bulb to signal its temperature change 
~\to the dial or scale. 

The conditions are somewhat different for gas-actuated ther- 
mometers. Here, the medium transmitting the pressure from the 
bulb to the indicator is compressible, and a relatively greater 
volume has to be moved through the capillary tubing. An ap- 
preciable pressure drop may occur so that, in addition to the 
thermal lag of the bulb, there would be a transmission lag of the 
indication to the dial. 

In case of vapor-pressure-actuated thermometers, the condi- 
tions are yet more complicated. On a rising temperature, it is 
only necessary to bring the surface of the liquid in the bulb and 
_ the vapor space up to temperature, but not the entire mass of the 
‘liquid. On a falling temperature, the entire mass of the liquid 
must be cooled off. It might, therefore, be expected that the vapor- 
pressure-actuated thermometer would be faster on a rising tem- 
perature. This has been observed in some cases; in other cases 
the opposite behavior has been indicated by tests. This higher 
speed on a falling temperature is probably due to cold liquid from 
the capillary tubing being injected into the bulb which was at a 
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higher temperature than the tubing. A jerky action can fre- 
quently be observed in these thermometers, sometimes attribut- 
able to the factor just mentioned, or to superheating or undercool- 
ing of the active liquid in the bulb. This erratic behavior occurs 
only where the bulb temperature is changed suddenly through a 
wide temperature range, a condition which practically never oc- 
curs in actual service. 

It does make measurement of the time lag of vapor-pressure- 
actuated thermometers somewhat more difficult. In measuring 
time lag, it is of course essential to obtain figures which represent 
the behavior under actual service conditions. These will usually 
be slow temperature changes from a standard temperature. 
Occasionally, the statement has been made that time-lag meas- 
urements made over a large part of the instrument range do 
not represent the behavior under actual service conditions. This 
impression may have been due to a failure to take into account 
the various factors mentioned. 

If time-lag tests are made in accordance with the suggestions 
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in the next section on determining the time lag, figures representa- 
tive of actual service conditions will be obtained. 

An exception is the condition in vapor-actuated-thermometers, 
where the bulb temperature goes from above to below the case 
or line temperature, as the liquid contained in spring and line 
must be evaporated and pushed back into the bulb. Some manu- 
facturers now supply specially filled systems of this type in which 
this lag is eliminated, but without this special feature there is 
considerable time lag when the bulb temperature changes from 
above to below case temperature. This lag cannot be covered 
by any of the formulas cited, and varies so much with different 
designs that no figures can be presented which would be of 
any practical value. 
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For the condition of bulb temperature always above or always 
below the line and case temperatures, these formulas, however, 
give a sufficiently practical approximation of the average behavior 
of vapor-actuated-thermometer systems. 

Mercury-in-glass thermometers for industrial applications are 
usually protected by a metallic well, especially where they are 
to be inserted in pressure vessels or pipe lines. A typical con- 
struction is shown in Fig. 4. As the glass bulbs cannot be made 
to fit the well accurately, some heat-transfer material has to be 
used to fill the space between bulb and well. For temperatures 
below the boiling point of mercury (about 670 F), that metal is 
the most convenient heat-transfer material. If there is enough 
mercury in the well to establish contact with the entire active 
bulb surface and the well at the same time, this type of ther- 
mometer will have about the same time lag as mercury-in-steel 
bulbs of the same over-all diameter. For temperatures above the 
boiling point of mercury, other heat-transfer materials, such as 
powdered graphite or copper are being used, but they have a 
poorer heat conductivity than the mercury. Their effectiveness 
also depends upon the care with which the heat-transfer material 
is applied. 

Industrial mercury-in-glass thermometers for temperatures 
above 650 F, therefore, need particular checking as to time lag, 
when used for installations where quick temperature changes 
occur. 

Whenever it is desirable to remove a thermometer from a pres- 
sure vessel while it is under pressure (or vacuum), a so-called 
“separable socket” is used which forms a pressure-tight pocket. 
The bulb can then be inserted or removed from the separable 
socket without interfering with the functioning of the apparatus. 
This construction is shown in Fig. 5. 

The separable socket inevitably introduces an additional time 
lag (1) because the heat must travel through the metal of the 
socket wall, and (2) it has to pass the space between the socket 
and bulb. This space is by far the more important factor of the 
two. 

In the case of industrial mercury-in-glass thermometers a 
tapered bulb is used extensively, fitting into a socket having the 
same internal taper. This produces at least a partial metal-to- 
metal contact. As a standard well size can be used for this type 
of thermometer, the tapered construction can be produced in 
reasonable quantities and therefore is commercially feasible. 
The bulb sizes of the other types of thermometers mentioned 
vary to such an extent that the tapered-bulb construction would 
add considerably to the cost. For this reason, the latter has not 
been commercially adopted. The bulbs of these thermometer 
types are generally made cylindrical in shape, and the hole in 
the separable socket is also cylindrical, of slightly larger diameter, 
in order to permit easy insertion or removal of the bulb. The gap 
between the two, if filled only with air, will offer a considerable 
resistance to heat transmission, as air is a poor heat conductor. 
A widely used method of improving the heat transfer is by applica- 
tion of graphite powder, either dry or mixed with oil so as to form 
a paste. The oil-graphite mixture should be used only for tem- 
peratures below the flash point of the oil, otherwise the oil will cake 
and make removal of the bulb very difficult. 


Mersops oF DETERMINING THE Time Lac L 


For determining the time lag by test, we refer to the second 
definition of the time-lag constant as the time required to come 
within !/e of the final temperature. Suppose we wish to deter- 
mine the time lag in water of a thermometer with range 0/300 
deg. We provide a stop watch and boiling water (212 F). If 
the bulb was at room temperature (about 70 deg), we insert it 
in the boiling water and start the stop watch as the indicator 
passes the 112-deg mark.**This is 100 deg below the final tempera- 
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ture. We want to determine the time required to come within © 
1/e or 0.368 of the difference between starting and end tempera- 
ture, which is within 0.868 X 100 or 36.8 deg of 212 F. or 175.2 
F. The stop watch therefore will be stopped as the indicator 
passes the 175.2-deg mark. This ends the test. We do not need 
to wait until the thermometer reaches 212 F. The time indicated 
by the stop watch is the desired Z for water. 

The exact starting point of the test is immaterial, as long as 
we calculate the end point correctly from the difference between 
the temperature into which the bulb is being immersed, and the 
starting point. The latter should, however, be at least 20 deg 
above the bulb temperature, as normal heat-transmitting condi- 
tions do not exist the first moment the bulb is immersed. In im- 
mersing the bulb of a liquid-expansion instrument into a much 
higher temperature, there occurs in fact a momentary lowering of 
the indicator due to the bulb walls expanding before the bulb 
filling is heated. By starting the test above the bulb tempera- 
ture, we eliminate this effect which is due to a condition which 
practically never exists in actual use and therefore need not be 
considered further. 

Fig. 1 shows a comparison between the results obtained by 
actual determination of the heating curve and a curve calculated 
from L obtained by the foregoing method. The agreement is 
very good. The test readings at 3 and 6 sec are somewhat dis- 
persed, due to the difficulty of reading the temperature on the 
dial while the hand moves quite rapidly. From 9 sec on, the test 
points cluster very closely around the calculated points. In the 
abbreviated test, we only measure the time required to move 
from point A on the curve to point B. The temperature points 
having been determined beforehand, it is possible to clock quite 
accurately the times at which the pointer passes the two points. 

The test may, of course, be made also with a falling tempera- 
ture. Any source of heat, as for instance a gas flame, may be 
used to bring the temperature up nearly to the top of the range. 
In this case, the test is to be started at least 20 deg below the 
maximum bulb temperature and, if the bulb has not been heated 
evenly, a much larger interval should be allowed. 

It is desirable to test the thermometer in the medium, and at 
conditions of circulation which approach actual use as nearly as 
possible. This is not always possible; to permit estimating time 
lag from tests in different mediums, and at different rates of circu- 
lation, comparative values will be given in the next section. 

The most generally available mediums are water and air. 
Tests in water are quite satisfactory, provided the thermometer 
scale includes a sufficient part of the water range 32 to 212 F. 

Tests in still air are likely to be very misleading, as the ther- 
mometer bulb itself will induce air currents which affect the 
cooling rate the same as changes in air speed. For instance, the 
bulb of a mercury-in-steel thermometer, ?/s in. diam, showed an L 
in air of 270 when 750 F above air temperature, changing to 600 
sec upon approaching the air temperature. The air tests should, 
therefore, be made at a comparatively small temperature in- 
terval, or at a known air speed of at least 5 fps, which will 
eliminate the air currents induced by the bulb itself. Also, in 
testing with rising temperature, the bulb must be dry and not be 
cooled below the dew point of the surrounding air, otherwise 
quite erroneous results will be obtained. 

Where calibrating pots with hot oil or lavite* are available, 
these may be used for thermometers with scales starting near or 
above the boiling point of water. 

The following table gives a few examples of test temperatures, 
calculated as follows: 


T mee Ty a OGERET oe TO 


* Lavite is a salt mixture with low melting point. 
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Bulb 
temperature Bath Timing———— 
before test, temperature, Starts at Ends at 
Ta To Ts Te Medium 
70 212 112 175 Water 
212 70 170 107 Water 
120 70 100 81 Air 
70 450 350 413 Oil 
5004 800 600 726 Lavite 


2 In the case of lavite, it is desirable to preheat the bulb, otherwise a 
erust of solidified lavite may be formed around the bulb immediately after 
immersion, which would disturb the test. 


Molten tin is not recommended for time-lag tests as it does 
not ‘‘wet”’ the bulb, leaving an insulating layer of air around it. 
In the case of liquid-expansion-actuated thermometers, the 
bath may be stirred with the bulb; this should not be done in 
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Fic. 6 CHANGE or Timm LaG IN WATER FOR VARIOUS SPEEDS OF 
WaTER Past THE BULB 


ease of vapor-pressure-actuated thermometers, as shaking the 


- bulb throws the liquid around in the bulb when it is only par- 


tially filled, and causes a much faster heat transfer than when 
the bulb is at rest. In other words, moving the bulb around gives 
results which are about twice as favorable as when the bulb is 
fixed to the apparatus and is operating under actual conditions. 
For vapor-pressure-actuated thermometers, the test should 
be made over a comparatively short interval, and timing should 
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test the thermometer came only within 12 deg of the final tem- 
perature, instead of within 2 deg. The difference of 10 deg was 
due to the low temperature of the metal case, which had not yet 
reached its equilibrium temperature with the surrounding air. 
It takes 12 to 25 min to establish this equilibrium. For this reason — 
it is desirable to maintain this type of thermometer for 25 to 30 
minutes at the high test temperature, then cool off the bulb alone 
quickly below the low test point and immediately perform the 
time-lag test before the case has changed its temperature. This 
method will duplicate the conditions which obtain when a 
thermometer is used for a definite normal operating temperature, 
and its sensitivity to temperature changes from the normal must 
be determined. 


Vauues or Time Lac L 


The figures given in this section, especially the curves, represent 
average values for well-designed thermometers. Tests in liquids 
were made for a circulation or stirring effect of at least 1 fps. When 
using the bulb for stirring, this corresponds to a circular bulb 
movement 4 in. in diam, 1 turn per sec. The curve in Fig. 6 
based on data in the Bureau of Standards paper,? shows the 
change in time lag of a mercury-in-glass thermometer for different 
speeds of the water, relative to the bulb. It will be noted that 
above a speed of 1 fps, the value of L changes but slightly. On 
the other hand, if the liquid is not stirred at all, very much higher 
values of L may be obtained. 

The curves in Fig. 7 show the time lag of mercury-in-steel, 
vapor-pressure- and gas-pressure-actuated thermometers, for bare 
bulbs only, in various liquids. 

There have been considerable arguments as to which of the 
three types of thermometers has the smallest time lag. The 
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not be begun until the thermometer indicator has traveled about 
half way between the original bulb temperature and the bath 5 
temperature. For instance, the bulb temperature should be at 
least 100 deg below the bath temperature, and the timing should 
be started 50 deg below bath temperature, and ended 18.4 deg 
\ below bath temperature. 
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Fig. 7 Time Lac as Function oF ButsB DIAMETER IN WATER, OIL, 
AND LAVITE 


It is always desirable to take at least three time-lag readings 
for consistent results. Comparatively short bulbs with con- 
siderable metal in the bulb connection will give a higher time-lag 
reading at the first test, due to heat conduction from the con- 
nected metal parts. The test should be repeated until subse- 
quent readings duplicate each other within a few per cent. These 
readings will represent most actual service conditions in which 
the superstructure of the thermometer bulb will be at some ther- 
mal equilibrium corresponding to average service temperatures. 

In every case, the calibration of the thermometer, which is to 
be tested for time lag, should be checked against the thermometer 
used to measure the bath temperature, and corrections applied 
if necessary. 

If the industrial-type mercury-in-glass thermometers are used 
for temperatures considerably above room temperature, for 
instance 800 F, there will be some heating of the mercury in the 
scale tube due to heat conduction from the bulb to the metal 
case surrounding the scale tube. For instance, in one test of a 
thermometer with 7 sec time lag, it was found that in the first 


author has made a considerable number of experiments, and has 
found that a single curve quite fairly represents all three types. 
This may appear inconsistent with the recital of the various fac- 
tors affecting time lag in vapor- and gas-pressure-actuated types. 
These factors are present, but it is the business of the thermometer 
designer to keep their effect as small as possible. For instance, 
tests with two gas-pressure-actuated thermometers, one with 
10-ft and the other with 110-ft line, showed no difference in time 
lag. As to vapor-pressure-actuated types, the curve applies only 
where the bulb is either always hotter or always colder than the 
connecting tubing and the indicator housing. 

The effect of separable sockets on the time lag in liquids de- 
pends upon the socket material, the thickness of its wall, the space 
between the bulb and socket, the material used to fill this space 
and the care with which this material has been applied. Roughly 
speaking, we can say that in water the socket will increase the 
time lag 3 to 4 times; in oil, 2 to 3 times. This ratio becomes 
smaller, as the heat conductivity of the liquid decreases, and as the 
bulb diameter increases. 
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The protecting well for the glass bulb usually has a diameter of 
3/, to 7/16 in. and, if the space between bulb and well is properly 
filled with mercury, the time lag should be between 3 and 4 sec 
in well-agitated water. The separable socket with tapered fit ap- 
proximately doubles the time lag; figures of 7.5 to 8.5 sec have 
been observed in water. It should be noted that, due to the ta- 
pered fit, the time lag is only slightly more than doubled; whereas, 
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in case of the thermometers with straight bulbs described in the 
previous section, the socket increases the time lag 3 to 4 times in 
water. 

The time lag in oil for the bare-stem thermometer is 15 to 20 
sec; for the separable socket, 35 to 45 sec. 

Fig. 8, based upon data in the Bureau of Standards paper, 
shows the change of time lag with changing air speed past the 
bulb of a mercury-in-glass thermometer. The rapid change in 
time lag between zero and 1 fps air speed indicates that time-lag 
figures for thermometer bulbs in quiet air will be extremely un- 
reliable, as any slight change in air drafts may double or halve 
the time lag. Therefore, if we wish to control the time lag, we 
must control the air speed. For instance, if we are required to 
measure at a maximum rate of temperature change of 1 deg in 
60 sec, and cannot allow an error of more than 1 deg, the time lag 
cannot be more than 60 sec. According to Fig. 8, we will need a 
minimum air speed of 3 fps for this particular thermometer. Fig. 
8 shows some data on bulbs in quiet air; the figures correspond to 
the time lag of 190 sec for zero speed in Fig. 8. Time lags at 
other speeds can be estimated by using the same proportions of 
time lag for equal air speeds. For instance, at 20 fps, Fig. 8 shows 
a time lag of 30 sec; at zero, 190 sec. Fig. 9 shows for a 3/g-in. 
mercury-in-steel bulb a time lag of about 500 sec. At 20 fps the 
$/,-in. bulb would have a time lag of 500 X *°/190 = 79 sec. This 
relation checks reasonably well with actual tests. 
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CONCLUSION 


The preceding sections give the prospective user of a ther- 
mometer sufficient material to determine its behavior under actual 
service conditions for a definite time-lag figure. What this 
behavior should be for a certain process must, of course, be de- 
termined from the requirements of the process and the character- 
istics of the process apparatus, and is entirely beyond the scope 
of this paper. 

Once the desired time lag has been determined, it is necessary 
to include it in the purchasing specifications in a form which is 
definite and permits easy checking by means generally available. 
The author proposes the following as a standard form of time-lag 
specification: 

The time lag of the thermometer in (medium) at a uniform rate of 
temperature rise must not exceed ( ) seconds. 

The time lag is to be determined by transferring bulb at tempera- 
ture 7’, into a (medium) bath at temperature 7; and measuring the 
time required for the indication to progress from 7; to T. = Ts 
— 0.368(7> — 7) with bulb at rest and bath stirred moderately. This 
figure will be accepted as representing the time lag in (medium) at a 
uniform rate of temperature rise. 

Actual figures should be inserted for T,, 7;, T,, and T,. By 
using specifications of this form, there cannot be any argument as 
to whether or not they have been fulfilled. Also, the figure given 
for the time lag permits the prospective user to predetermine the 
maximum deviations between actual and indicated temperatures 
which he may encounter in his process, using the formulas given 
in the section on “Uses of Time-Lag Constant L.” 

For industrial-type mercury-in-glass thermometers, it may be 
advisable to add that the bulb should be maintained at the 
temperature 7’, for 30 min before performing the test. The ex- 
pression ‘‘stirred moderately” is somewhat vague, but has been 
chosen because generally no special equipment is available by 
which the stirring speed could be measured. When such equip- 
ment is available, a definite speed of the liquid past the bulb may 
be inserted, for instance, 1 fps, or a speed corresponding to 
actual service conditions. : 

Frequently, it will not be possible to have the time-lag test 
performed in the medium in which the thermometer is actually 
used. In this case one of the mediums discussed previously with 
temperature characteristics nearest to the actual medium can 
be selected, or the figures for relations of time lags in different 
mediums can be used. If the time lag is to be determined in air 
or gas, the speed of the medium past the bulb in feet per second 
should be inserted in the specification in place of the wording 
‘and bath stirred moderately.” 


Appendix—1 


Those desiring to study further the theory of time lag should 
obtain a reprint from the Bureau of Standards bulletin? men- 
tioned. Some of the formulas are given herewith in more detail 
than was justified in the main paper: 


T, = Original temperature of the thermometer bulb 
T, = Bulb temperature at time s 
s = Time, sec 


T, = Original temperature of bath 

T = Temperature of bath at time s 

L = Time lag, sec 

r = Rate of temperature rise, deg per sec 


Newton’s law of cooling can be expressed as follows: The rate 
of heat transfer is directly proportional to the difference of tem- 
perature between two bodies, or 

dT, 1 
ds L 
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The Bureau of Standards paper? gives the integration and solu- 
tion of this equation for several special conditions, of which only 
two are of interest to us: The behavior of a body (bulb) immersed 
into another body (bath) of constant temperature, and of a 
temperature rising at a uniform rate. 

The equation for the constant temperature is 


GE SOP = NI OO®, coed ne sonene [2] 


Written in logarithmic form, Equation [2] becomes 
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which is the form used in the main paper. Solved for L, this 
formula permits the determination of L from any two timed 
temperature readings 


loge 
L = s————_....... ce ees 4 
TT, [4] 
to) 
Sit 
: . TT 
It will be noted that with ea e the formula becomes 
J 2 


L = s, which is the relation on which the recommended method 
of measuring time lag is based. 
The equations for the steady-rising bath are as follows 


TNT tai Sere eecetcc oats ate! oiehe: le hein (5] 
oa Pee poe Lg —— Ta 78) 6 en 5 [6] 


The condition shown by the curve, Fig. 2, is based on Ty) = 
T;, in which case Equation [6] becomes 


[P= RAGS OE eo ac ee ceneen [7] 


The term rse—‘/£ becomes increasingly smaller with time so 
that the thermometer finally approaches the condition 


In equation [8], the temperature lag 7 — T2 eventually will 
equal the rate of temperature change times the time lag. Fig. 2 
shows rL as a dash line and illustrates the gradual approach of 
the bulb temperature to this line. 


Appendix—2 


In the main part of the paper there has been no discussion of 
the events which occur immediately after transferring a thermom- 
eter bulb from one temperature medium into another one at 
higher or lower temperature. The author felt that they were of 
no concern to the practical engineer for whom the paper is in- 
tended. The methods proposed for determining the time lag were 
deliberately arranged to eliminate the effects caused by the sud- 
den contact of the bulb with a medium at a considerably different 
temperature. 

In a preliminary discussion? of the paper, the question was 
brought up whether in the theory of temperature regulators the 
time lag as discussed in the main paper, or that for “sudden bulb 
contact’? would have to be considered. Fig. 1 shows the tem- 
perature curve without the ‘‘sudden contact” effect; Fig 10, curve 
A, shows an actual temperature-response type with a drop at the 
beginning, which is due to the sudden contact of the bulb with 
hot water. The reason for the drop is as follows: The heat 
proceeds like a wave from the bulb surface to the interior. During 


3 Annual Meeting, Philadelphia, Pa., December 4-8, 1939, of TH» 
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the time of traverse through the bulb wall, the latter expands, 
whereas, the mercury has not expanded as yet. Therefore, there 
is an increase in bulb volume without an increase in mercury 
volume, which causes the temperature indication to drop. 

To clear up the effect of this phenomenon on the response of 
thermometers, the author made some tests with apparatus which 
happened to be available. Due to lack of time and equipment 
these tests are by no means complete, but they yielded sufficient 
quantitative information to give an idea of the true effects, and 
may serve as a basis for further tests where more accurate infor- 
mation may be required. 

The tests were made by means of a recording thermometer with 
a circular chart revolving once in 10 sec. One of the tests, trans- 
ferred to cross-section paper, is shown in Fig. 10, curve A. This 
was made with a mercury-in-steel thermometer system, the bulb 
consisting of KA, stainless steel. Fig. 11 shows the start of the 
curve from four different tests. Each test was made with a 
different temperature interval between the bulb and the water 
bath in which the bulb was suddenly inserted. The result is in- 
teresting in several respects. 

1 The time required for the reading to come back to the 
original bulb temperature is practically the same in each case. 
The variations shown are not greater than might be expected due 
to imperfections in the experimental equipment. 
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2 The maximum depression of the reading is directly propor- 
tional to the original difference between bulb and bath tem- 
perature. At the right of Fig. 11, the depressions have been 
plotted in relation to the temperature difference and are found to 
follow a straight-line law very accurately. 

3 The time required for this particular bulb to resume a 
normal temperature rise is about 0.9 sec, and the depression is 
5.8 per cent of the original temperature difference. This is for a 
bulb 5/s-in. diam, heavy-walled, made of 18-8 stainless steel. This 
steel will show an exaggerated effect of the type discussed here, 


{60 


B 
° 


o 
ie) 


THERMOMETER READING , F 


19) 0.5 1.0 1.5 2.0 
SECONDS 


Fie. 12 Varor-Pressurr-BuULB RESPONSE 


90 <--- XS 


ie.) 
ce) 


=“ 
wn 


TEMPERATURE , F 


~ 
(2) 


65 


ry 5 10 15 20 25 30 35 
SECONDS 


Fia. 13 Comparison OF THERMOMETER RESPONSE FOR SUDDEN 
Bus TRANSFER (EZ) anD Un1tFroRM RATE OF TEMPERATURE DROP 


(F) 


because it combines low heat conductivity with high thermal 
expansion. A bulb of the same dimensions, made of carbon steel 
had corresponding values of 0.4 sec and only 0.8 per cent depres- 
sion against the 0.9 sec and 5.8 per cent of the stainless steel. The 
fatter was used for the test just because it would exaggerate the 
type of behavior on which information was desired. The same 
tests were made for temperature changing from high to low and 
gave very nearly the same numerical values. 

Similar tests were made with vapor-pressure-thermometer sys- 
tems as shown in Fig. 12. The peculiar behavior at the start is 
due to the fact that in the test setup the water bath is fixed and 
the bulb must be moved rapidly when inserting it. As the bulb 
of a vapor-pressure system is only partly filled, the liquid will 
be splashed around inside the bulb. The larger wetted surface 
of the ®/;-in. bulb may account for the earlier initial rise of this 
indicator. Eventually, the 7/1-in. bulb gets ahead of the ®/s-in. 
bulb (both bulbs were tied together in this test). 

The test shows the laé@& of a consistent depression as found in 
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the mercury-actuated instrument, but it also shows that a certain 
time (a fraction of a second) is required to get going. The further 
discussion relating to the mercury-actuated instrument will also 
apply to the vapor-pressure type. 

In control problems, in fact in most industrial applications, we 
practically never have to deal with instantaneous temperature 
changes of the magnitudes represented by the foregoing tests. 
The problems usually are in the form of a transition from a uni- 
form temperature to one rising or falling at a definite rate. 
Additional tests were, therefore, made for a condition of change 
from uniform to uniformly rising or falling temperature. This 
condition was obtained by either opening a steam valve or a cold- 
water faucet suddenly a definite amount. The steam or water 
was discharged into the waterbath used for the tests; the water 
at the same time being stirred by a motor-driven propeller. Fig. 
10, curve B, shows the result. There is quite a definite absence 
of anything resembling the downswing of curve A at the begin- 
ning. 

Fig. 10 shows the test results for rising temperature; Fig. 13 
for falling temperature. Curves A and # show the bulb behavior 
for sudden bulb transfer, with the very distinct kick in the wrong 
direction at the beginning. In curves B and F this kick is defi- 
nitely absent. The straight lines C and G represent ideal test con- 
ditions of uniform rate of change; the actual temperature change 
probably deviated from a straight line due to imperfections in the 
test outfit, particularly the rate of water circulation was not fast 
enough to establish perfect mixing from second to second. The 
lines D and H are the theoretical bulb responses corresponding to 
the temperature-change lines C and G. The actual test curves C 
and F deviate from these theoretical curves due to the imper- 
fections of the test setup, but it is quite obvious that there is no 
effect similar to the ‘‘kick” in the sudden-transfer curves A and 
F, and that they follow the general laws as explained in the first 
paper, with sufficient accuracy for all practical purposes. 

This can be claimed especially because the tests were made with 
a type of bulb which shows extremes of irregular response in the 
sudden immersion test. ' 

The only case, in which the characteristic shown in these tests 
must be considered, is in calculating the time required for the 
thermometer to reach its final reading. For instance, if a ther- 
mometer with a 6-sec time lag is suddenly immersed from 70 
into 170 F, and we want to know in what time the thermometer 
will read 169 F, we found earlier that this will be 4.6 X 6 = 27.6 
sec. In addition, we found that the ‘‘kick’’ requires about 0.9 
sec in the worst case; evidently this period of 0.9 sec will be of no 
practical importance. If we calculate 27.8 sec, we will probably 
decide to wait “‘about” 30 sec to obtain the desired accuracy. 

It will be noted that the method of measuring time lag described 
in the main part of the paper provides that the timing begin at 
some point above the original bulb temperature, which auto- 
matically eliminates the irregular bulb-behavior part from the 
time-lag test. 

The author has not had occasion to make further tests with 
vapor-pressure- or gas-actuated thermometers. The one test 
with vapor-pressure bulbs, Fig. 12, showed irregular behavior for 
a somewhat shorter time element than the mercury-actuated 
thermometers, and for different reasons. The end effect, from 
the practical point of view, should be very much the same as in 
the case of the mercury- (or any liquid) expansion thermometers. 
Gas-actuated thermometers should show less irregularity than 
either of the other types. 

It appears, therefore, that for all of the mechanical types of 
distant-reading thermometers, we can from the practical point of 
view disregard the irregular bulb behavior found in case of sudden 
immersion of the bulb, and can use the information given in the 
main part of the paper without applying corrections. 


Discussion 


M. F. Beuar.* This paper will be particularly valuable to 
users of laboratory and of industrial instruments and to pur- 
chasing agents. By quoting actual specifications which do not 
specify, the author has performed a particularly noteworthy 
and praiseworthy service. In relations between manufacturers 
and buyers of engineering equipment, as in all other human 
relations, “Let there be light’? should be the precept to be 
followed. In this competitive world, however, a manufacturer’s 
representative cannot always be blamed for accepting speci- 
fications when he is tempted to tell his prospective customer, 
' “Your specifications do not make sense; go back to engineering 
' school!” He curbs himself and sends the absurdity to the 
home office. At the home office, such impossible or vague lag 
specifications are an old story and the order is put through. 
' Later, the customer receives his thermometers and “‘tests” them 
for lag. His resultant pleasure or dissatisfaction, in most cases, 
has less to do with the actual lag characteristics (which, of 
course, remain undiscovered) than with the suitability of the 
‘instruments for their applications; with their workmanship; 
~ sometimes with their appearance; and in general with factors 
other than lag. 
| This is not intended to ridicule specification writers. They 
‘are no more blameworthy than the manufacturers’ representa- 
tives. They merely reflect the present state of the art of writing 
lag specifications. They are not alone responsible for the present 
state of this art, nor do they constitute the only group to which 
the engineering world may look for its advancement. 

All of us who have to do with temperature-measuring instru- 
ments are responsible for the backward state of the art. Chiefly 
responsible are those who are in possession of what might be 
called ‘‘advanced knowledge” but whose lips are sealed. It 
would be more accurate to assert that, between the light which 
could be shed and the prospective beneficiaries of this light, there 
is all too often interposed an opaque and almost unliftable veil 
customarily termed ‘‘confidential information.” 

Closely guarded trade secrets are the reason why the manu- 
facture of thermometers and the specification of their time 
characteristics both remain arts rather than sciences. The 
manufacture of thermometers is carried on in hundreds of what 
the Census Bureau calls “establishments.’”’ These vary enor- 
mously in size, in modernity, in manufacturing facilities, in types 
of product, in types of customers, and in every other way, par- 
ticularly in attitude toward research and development. Until 
well into the twentieth century the manufacture of thermometers 
was in the hands—literally in the hands—of expert craftsmen, 
then and now called glass blowers. Even today, in 1941, there 
probably are between fifteen and twenty one-man concerns, each 
headed by an old artisan who brought his skill from Europe, 
who left his American employer when the latter “went modern,” 
who struck out for himself for love of his craft, who will compe- 
tently fill your order for a high-grade calorimetric or A.S.T.M. 
thermometer, but who will not know what you are talking about 
if you mention “logarithmic decay” or “Newton’s Law of 
Cooling.” 

There are also large modern mass-production establishments; 
but these likewise vary enormously in many ways, including 

' attitude toward research and development. Suffice it to point 
out that a factory financed by chain stores or by an advertising- 
novelty firm naturally differs from a factory built by repeat 
orders from great engineering plants and laboratories; an 
A.S.M.E. pin is seldom seen in the former; in the latter we 
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find many men like the author and other members of our Com- 
mittee on Industrial Instruments and Regulators. 

But the heterogeneity of the temperature-instrument ‘‘in- 
dustry” (not even the Census Bureau has been able to define 
it as an industry), the enormous disparity of grades of products, 
of prices, of wages, and particularly of percentages of gross 
incomes allotted to research and development are factors 
prolonging the nineteenth-century ‘‘trade-secret”’ kind of compe- 
tition; these factors tend to increase the opacity of the veil 
that hides the light, and make this veil more difficult to lift 
even part way. 

The light is not thermometer research and development in 
general; it is precisely the subject under discussion. It is 
specific and detailed knowledge of lag characteristics. Most of 
the improvements in American-made temperature instruments 
during the last 20 years have been related to lag characteristics, 
particularly to differential-time effects. The odd aspect of it 
all, it seems, is that almost every firm thus improving its products 
believes itself to be the sole discoverer of these effects. Even 
odder are the instances of firms which have gradually improved 
the lag characteristics of their instruments by cut-and-try meth- 
ods and deny the importance of lags other than primary or bulb 
lag, or remain unaware of the existence of these other lags. 

The veil is lifted; not all the way, because the writer’s research 
work has been too circumscribed for the purpose and because 
confidential information cannot be violated, but just enough to 
disclose the nature of the light. And now having gone this far, 
the writer may as well state explicitly the nature of the light. 
There is no such thing as a thermometer which obeys exactly 
the simple law (the one formulated by Harper in 1912 in his 
famous Bureau of Standards paper’). Every actual ther- 
mometer is a composite structure, the components of which not 
only have different temperature coefficients of expansion or of 
resistance or of pressure, etc., but also have different time re- 
sponses to changes in temperature. 

No confidences have been violated in making this explicit 
statement. It is true that this paper nowhere contains any such 
explicit disclosure, but the author’s Appendix 2 reports a sensa- 
tional departure from the simple lag law, definitely attributable 
to a metal bulb expanding quickly and appreciably before the 
contained mercury starts to expand appreciably. The publica- 
tion of this presentation in the Transactions amounts to more 
than merely lifting the veil part way; it forces the writer to 
change his simile and to declare that it amounts to unplugging 
the hole in the dike, so that from now on we may expect an ever- 
increasing flood of information on the several components of 
actual lag curves, an ever-increasing flood of information on just 
why actual lag curves do not plot straight on semilog paper, as 
does the simple Newton-Harper law—and on what to do about 
it in order to minimize errors in temperature measurements. 

It is to be regretted that the author worded the closing para- 
graph of his paper as he did. To be sure, ‘‘we can... . disregard 
irregular bulb behavior found in case of sudden immersion,” 
but it does not follow that we can “use the information given in 
the main part of the paper without applying corrections.” The 
main part of the paper expounds the simple Newton-Harper 
law. The section on ‘Uses of Time-Lag Constant L” is the one 
which tells thermometer users how to apply this law. Not only 
does the author fail to mention that this law applies only to an 
ideally simple thermometer but his numerical examples, pre- 
pared for users of actual (hence, relatively complex) thermome- 
ters, include figures which seldom apply to actual thermometers 
and which are “way off” for most instruments of obvious 
structural complexity (such as the industrial thermometers 


5 “Thermometric Lag,” by D. R. Harper, 3rd, Scientific Paper No. 
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illustrated in Figs. 4 and 5 of the paper) under most conditions 


of use. For instance, he gives the familiar 100 to 200 deg and 
ZL = 10-sec example: 
Thermometer reading, F............ 100 190 199 199.9 
Time elapsed, seconds.............. 0) 23 46 69 


as if it were true of all thermometers, his introductory sentence 
not only being unequivocal but beginning, “To give a clearer 
picture...” With all due respect to a courageous “‘veil-lifter’””— 
and precisely because of the well-nigh historic importance of his 
paper—the writer challenges these figures. 

Not only are these figures challenged, but the writer main- 
tains the following: 


1 The relation shown by the dominant line in Fig. 14 of this 
discussion (which is simply a semilog plot of the author’s main 
thesis, the Newton-Harper law) is true only of an ideal ther- 
mometer in which only one element, say the mercury within the 
bulb, responds to temperature changes while all other elements 
remain unaffected by such changes. 

2 The great majority of actual thermometers exhibit a 
composite lag (see secondary solid lines in Fig. 14). 
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3 In such cases the effect of secondary, tertiary, and other 
lags is to make the approach to the asymptote slower than that 
predicted by the ‘‘simple law.” 

4 In many such cases, the observer is deluded into thinking 
that the mercury or pointer has stopped before it has really 
stopped; inevitable result, a wrong reading. 

5 This error of reading is proportional to the difference 
between initial and final temperatures (other factors being 
equal). Therefore, it is most serious in the use of testing ther- 
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mometers which are taken from the pocket or hook or box at room 
temperature and immersed into the medium; examples: most 
laboratory thermometers and practically all “handled long- 
stem” thermometers used in various food industries, in varnish- 
making, ete. (Inferentially, then, it is less serious where ther- 
mometers are permanently installed. The writer admits this.) 

6 The form of lag specification proposed by the author (and 
by others before him, including the writer when younger) should 
not be adopted as an American standard, however useful it may 
be as an educational device for the benefit of purchasing agents 
and others to whom the whole subject of thermometric lag is a 
recondite subject. Where precision is imperative, determina- 
tion of Lg and Ly (even if magnifying glasses or cathetometric 
telescopes are thereby necessitated) should be written into the 
specifications, and tolerances should preferably be expressed in 
terms of the difference of slopes on semilog paper. 


It is to be regretted in this connection that the author did not 
use logarithmic ordinates for any of his diagrams where tem- 
peratures are the ordinates. True enough, logarithmic scales 
cannot be understood by everybody, but the members of this 
Society, even the student members, constitute a mathematically 
minded audience. (However, it must be admitted that many 
graduate engineers seeing diagrams similar to Fig. 14 of this 
discussion are confused at first by the unfamiliar graduations. 
Therefore the writer has lettered in explanatory notations below 
199.9, 199, and 190.) 

It is on semilog plots that departures from exponential laws 
show up best; therefore semilog paper serves also as an excellent 
check on the accuracy of observations. Moreover, the semilog 
plot magnifies the really important region, i.e., the approach 
to the final reading of the instrument, which is nothing but a blur 
of merging lines on linear coordinates. Finally, and most im- 
portantly, there is the admirable simplicity of representing differ- 
ent lag coefficients by straight lines of different slopes, hence, 
conversely, being able to discover the existence of different 
components of the actual curve of the instrument. 

The importance of this last-mentioned reason (straight lines) 
cannot be overemphasized in connection with writing lag speci- 
fications, running acceptance tests, assigning ‘figures of merit’’ 
to competitive instruments, and discussing papers on exponen- 
tial-function phenomena. 

As to how far to carry the magnification, that depends on the 
grade of the instruments. As a rule the “last 2 per cent” of the 
temperature difference is of chief interest. 

In conclusion, a word as to how the four typical cases in Fig. 
14 of this discussion happen to be paired so neatly; the writer 
purposely drew them that way, to bring out the effects of short- 
fast, short-slow, long-fast, and long-slow stems. This does not 
invalidate their actuality—they are truly ‘“‘representative”’ cases, 
not hypothetical cases. 


L. M. K. Borrrnr® anp R. C. Martinetir.? A thermometer 
bulb may be represented, in a simple ideal system, as a lumped 
thermal capacitor C, its thermal resistance being small. The 
thermal circuit for a thermometer which is suddenly immersed 
in a fluid (or the fluid temperature is suddenly changed) is shown 
in Fig. 15 of this discussion. 

The thermal conductivity of the ideal thermometer is zero 
axially (no heat transferred upward and thence to the surround- 
ings) and infinite radially (the immersed portion is at a uniform 
temperature) and the temperature of the fluid is constant, that 
is, it possesses infinite thermal capacity (Co = @). 


6 Professor of Mechanical Engineering, University of California, 
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The differential equations for the thermal circuit (and of the 
thermal system) and those of an analogous electrical circuit 
follow: 


Analogous electrical 


Thermal circuit circuit 

dt e de 

SAGA — Vey Cn = (0) — 

” do R do 

fA0 0 ) 

At « VrCp — EMIRC if = DRG 

=e 
Ato €o 
where f = unit conductance between the fluid and the ther- 
mometer 

At = difference in temperature between fluid and ther- 


mometer at any time @ after the sudden change in 
the fluid temperature (or immersion of the ther- 
mometer in a fluid of fixed temperature) 

Ato = initial difference in temperature between ther- 
mometer and fluid 


A = area through which heat flows to immersed portion 
of thermometer 
V = volume of immersed portion of thermometer 
y = weight per unit volume of immersed portion of 
thermometer 
C, = unit heat capacity of immersed portion of ther- 
mometer 
é = voltage in electrical circuit corresponding to tem- 
perature in thermal circuit, i.e., voltage across 
resistor 2 
é) = initial voltage drop across resistor 


By definition: 


VyC, 


L = time constant (lag) = RC = fA 


VyC, 


The quantity depends only upon the construction of the 


thermometer (thermocouple) and the degree of immersion and 
may be tabulated for any instrument by the manufacturer. 
The unit conductance f is a function of the method of application 
of the instrument, i.e., the fluid properties and the character of 
the flow over the thermometric element. The unit conductance 
may vary a thousandfold for different applications. The 
manufacturer should tabulate typical magnitudes of the unit 
conductance for common applications. Users of thermometers 
can then readily compute the performance of any instrument 
under transient conditions. 

More complex ideal systems, involving distributed capacities 
and resistances, may be devised more accurately to predict the 
behavior of a thermometric element. Further, more compli- 
cated thermometric elements may be treated analytically (the 
analogous electrical circuits for which solutions are available 
may be utilized). 

A thermometric element may be employed to record a periodi- 
cally fluctuating temperature. Concepts developed to solve the 
electrical circuit may be utilized. Again returning to Fig. 15, 
the condenser of infinite capacity being replaced by a sinusoidal 
generator 


Thermal circuit Electrical circuit 
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instantaneous temperature of the fluid (with re- 
spect to the mean) of angular frequency » 


r= 
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q = thermal current, Btu per hr 

é = instantaneous voltage of angular frequency w 
applied to condenser C and resistor R in series 

2 = electrical current 

j= Va 


The instantaneous temperature /, measured by the thermo- 
metric element (measured above the same mean as r) corre- 
sponds to the voltage across the capacitor C. Thus 


= 
ee wVyC, 
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or the ratio of the amplitudes of the thermometric element 
reading t and the fluid temperature variation r 


‘s 1 


Ta . wV7C, \? 
\: it fA ) 


and the angular lag ¢ of t with respect to 7 is given by the expres- 
sion 
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Fig. 15 Tsuermat Crircuir ror THERMOMETER SUDDENLY Im- 
MERSED IN A FLUID 


Periodic thermal variations of complex shape may be solved by 
expansion in a Fourier series. Thus, it is seen that VyCp/fA = 
CR = time constant L is a fundamental constant of the thermo- 
metric element but involves its mode of application. 

The writers also wish to mention that the time lag for forced- 
convection applications (flow perpendicular to cylinders) varies 
inversely as the velocity to the 0.56 to 0.6 power. Thus, the 
curve illustrated as Fig. 8 by the author should not become hori- 
zontal. 


W. G. Brompacuer.® Data on two important classes of 
instruments have been omitted from the author’s presentation 
of this subject, i.e., the thermocouple and the electric-resistance 
thermometer. These have been omitted for good reasons, 
since a full discussion would merit a separate paper. But it 
should be pointed out that these thermometers can be made with 
comparatively small lag, particularly the thermocouple ther- 
mometer. 

The writer is in full agreement with the author on the method 
of testing which he recommends for inclusion in specifications. 
However, in instruments of small lag, it may be preferable to 
specify other readings during the test than those which give the 
constant L directly; for example, a thermometer originally 
at 80 F put into a bath at 211 F may be read at 111 F and 201 F. 
The value of L is easily computed; thus, in the example, using 
the equations in the paper, L = 0.44 S,, where S, is the measured 
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time noted. This procedure is particularly useful in testing 
thermometers with low lag. 

Another method which is useful in experimental testing, as 
contrasted with acceptance testing, is that described by Hen- 
rickson.? The formula connecting a series of readings made 
against time, such as given in Fig. 1 of the paper, is in his notation 

T—T, 


= L log. ania ine trig ieern yd C) 
Sa 8 7p, (9] 


T —T. 
It follows that, if S, is plotted against log ae on semilog 
=f 2 


paper, the points should fall on a straight line. The slope of 
this line is L/loge, from which L is easily computed. This pro- 
cedure has the advantage that points which deviate greatly from 
the line are an indication of the extraneous phenomena which the 
author has so ably discussed. 

It may be of interest to call attention to three papers on the 
lag of thermometers, used to measure air temperatures. The 
dependence of time lag of aircraft thermometers upon air speed 
and upon air density is discussed by Smolar.'° This paper 
indicates (1) that the time lag varies inversely as the air speed, 
and (2) inversely as the square root of the air density. The 
conclusions are substantiated by experiments. These data are 
summarized by Peterson and Womack. 

If the data given in Fig. 6 of the paper are replotted, time lag 
against the reciprocal of water speed, as suggested by Smolar, 
they will be found to be in a straight line, probably within the 
accuracy of the original data. 


H. A. Rounicx.!? The time lag of distant-reading ther- 
mometers of the pressure-spring type is the sum of the time lag of 
the sensitive element proper and the time lag in the transmission 
of pressure changes from the sensitive element to the pressure- 
responsive element such as Bourdon spring. The former time 
lag will first be discussed. 

The value of the time-lag constant given in the paper can be 
derived from a consideration of the bulb structure and heat- 
transfer rates. The following equation has been derived on the 
basis that the temperature throughout the entire bulb is the 
same. 

For a cylindrical bulb 


De areata sy exer ison Toad cc aetCA 10 
4H [10] 
where 
L = time-lag constant, as defined in the paper 
W = density of bulb material 
C = specific heat of the bulb (average value) 
D = diameter of bulb 
H = heat-transfer rate, from fluid to bulb 
Equation [10] has been approximately verified by a con- 


siderable number of tests. From this equation, it is readily 
seen that the time lag of the bulb increases directly as the di- 
ameter of the bulb as shown in Fig. 7 of the paper. 

Another interesting feature of this equation is the dependence 


®°“Thermometric Lag of Aircraft Thermometers, Thermographs 
and Barographs,”’ by H. B. Henrickson, Bureau of Standards, Journal 
of Research, vol. 5, September, 1930, p. 695. 

10 “Determination de la Temperature de l’Air Pendant les Essais 
en Vol,” by V. Smolar, Aeronautical Research Institute, vol. 6, 
no. 18, Prague, Czechoslovakia, p. 37. 

11 “Blectrical Thermometers for Aircraft,” by J. B. Peterson and 
S. H. J. Womack, National Advisory Committee for Aeronautics, 
Technical Report No. 606, 1937. 

2 Director, Trent Engineering Laboratories, Philadelphia, Pa. 
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of L on the heat-transfer rate of the bulb. For still air, H = 1 
to 2 per Btu per sq ft per deg F per hr; for oils H = 10; for 
water H = up to 50, depending upon the velocity of the fluids 
past the bulb. So we can have a fiftyfold variation in time lag, 
depending upon the velocity and nature of the fluid in which the 
bulb is placed. 

For the case where the bulb is placed in a separable socket, a 
similar derivation of L, the time lag, can be obtained. The 
following equation is based on a cylindrical bulb in a cylindrical 


socket. 
d3?/ 1 t 
W3C303 ( h + 3 ) Savavareiatetoasttete {11] 


Where subscript 3 refers to the bulb proper A, Fig. 16 of this 


Fic. 16 X-Srection or Bus anp Socket 


discussion, subscript 2 refers to space B, and C refers to the 
separable socket. 


WwW 


density of bulb material 

specific heat of bulb material 
average diameter of section 
heat-transfer rate from fluid to socket 
= thermal conductivity 

= thickness of space or socket material 


Saran 
Il 


Each of the terms in the parentheses of Equation [11] repre- 
1 
The first term (=) is the 


0 
surface resistance, between the socket and the fluid, the tem- 


sents resistance to flow of heat. 


t 
perature of which is being measured. The second term ( a 


14%] 
is the resistance to heat flow, through the socket or sheath ma- 


t 
terial. The third term (4) is the resistance to heat flow 


22 
through the space between the bulb and socket. 

Several interesting conclusions can be drawn from Equation 
[11]. 

1 The time lag increases with bulb diameter. 

2 Where B is air space, this is the largest factor in Equation 
[11] and contributes most to time lag.. A typical set of values 
for the equation is as follows: 

For a 1/,-in-diam mercury-in-steel bulb placed in a steel 
sheath, having an inside diameter of 9/,5 in. (1/:-in-thick air 
space) and a wall thickness of 1/1 in. 


1 
(ca) = 1250 (surface resistance) for bulb immersed in 
0 


h 
(cs) 
ty 
(ia) 


Filling the air space with oil reduces the air-space resistance 
to 2000. 


rapidly flowing water 


14 (sheath resistance) 


15,500 (air space resistance) 


a 


BECK—THERMOMETRIC TIME LAG 


Filling it with mercury reduces the resistance of this space to 
180. 

A more complete analysis indicates that the time lag is only 
slightly affected by the superstructure of the bulb, such as the 
threaded portions of the upper part of the socket or sheath. 

Both formulas are based on the assumption that the tempera- 
ture of the fluid to be measured remains constant. But, when a 
cold bulb of considerable mass is placed in a hot fluid, the fluid 
adjacent to the bulb becomes cooler than that in the remainder 
of the fluid. This results in slower heat-transfer rates and, 
hence, an increase in time lag. This effect is greater for slow- 
moving fluids of low thermal conductivity. 

In distant-indicating thermometers, the time lag in transmis- 
sion from bulb to sensitive element is not always negligible. 
The magnitude of the delay depends upon the type of ther- 
mometer. 

For vapor-filled thermometer systems, using a long length 
(100 ft) of capillary tubing, several seconds may elapse for the 
temperature-sensitive element to indicate completely a pressure 
change at the bulb. This time increases with the length of 
capillary, with decreasing capillary diameter, with decreasing 
absolute pressures in the thermometer system. For recording 
purposes, this effect may be of slight importance but, for con- 
trol purposes, a knowledge of the magnitude of this delay is 
helpful. 

For liquid-filled systems, the pressure differences between 
bulb and sensitive elements, due to sudden increase of tempera- 
ture are quite high, and considerably greater than for vapor- 
filled systems. Hence, the delay in transmission will be less 
than with the vapor-filled systems. 

For gas-filled systems, there should likewise be some delay, 
although no investigation has been made of this up to the present 
time. 


AuTHOR’s CLOSURE 


The discussion shows considerable interest in the problem of 
thermometric time lag and has added quite some valuable ma- 
terial to the original paper. Mr. Behar very vividly described 
the situation which was the impetus for the paper. This situa- 
tion seemed to the author to call for a simplified exposition of the 
problem; therefore, the paper is mainly based upon the funda- 
mental Newtonian law as applied to the bulb only, itself being 
considered as a simple body. 

Further, the original paper was to be restricted to industrial 
appliances which, in most cases, use permanently installed ther- 
mometers. Such installations also do not require high accuracy 
of time-lag measurement. 
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From the point of view of the industrial producer, who has to 
work toward a minimum of cost, it may be just as wasteful to 
spend excessive effort on an accuracy beyond requirements as 
to waste material or to lower quality by insufficient accuracy. 

Out of these considerations, the author omitted to discuss com- 
posite time lag and, in order to visualize the thermometer re- 
sponse, he intentionally used plain coordinates instead of the 
semilog type, which had been suggested from several sides. 

Since the discussions have expanded the paper from a “‘primer”’ 
into a kind of symposium on time lag, the author is very glad 
to acknowledge the excellent and interesting chart, Fig. 14, con- 
tributed by Mr. Behar and also Mr. Rolnick’s calculation of bulb 
time lag from the physical constants of the bulb. 

Messrs. Boelter and Martinelli no doubt could expand their 
electrical analogy to the composite time lags. The bulb behavior, 
as described in Appendix 2, should also be susceptible to mathe- 
matical formulation based upon the physical constants of the 
bulb. 

An investigation of the characteristics of “secondary” time lags 
would be a next step. Harper® discusses the time lag of a (‘fully 
immersed”’) Beckman thermometer, in which the secondary time 
lag has substantially the same character as the bulb time lag. 
Industrial glass thermometers have secondary time lags of a dif- 
ferent character, caused by heat conduction to the case and scale 
tube. In the first case, we have substantially radial heat flow, 
and in the second, longitudinal heat flow through variable cross 
sections, with the added complication of ambient-temperature 
effects. 

A theoretical discussion and formulation of secondary time 
lags would help in the more exact measurement of time lag and 
should also suggest means of improving thermometer design. 
One general rule for design is obvious, namely, secondary time 
lags should be kept as small as possible. 

The author agrees with both Dr. Brombacher and Mr. Behar, 
that plotting on semilog paper is the most suitable method for 
accurate investigation of time lags, especially where secondary 
effects are present. Fig. 14, in Mr. Behar’s discussion, shows 
clearly the advantage of this method in indicating a secondary 
time lag. 

For average industrial installations, however, the method 
proposed in the conclusion of the paper will be sufficiently ac- 
curate and has the advantage of requiring a minimum of time. 

The author concludes with the hope that some fellow engineer, 
who is not too greatly occupied in defense work, will be able to 
consolidate and enlarge upon the material of this “symposium Bes 
no doubt he will have the cooperation of all the foregoing con- 
tributors. 
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Vaporization Inside Horizontal Tubes 


By W. H. McADAMS,! W. K. WOODS,? ann R. L. BRYAN? 


This paper reports an investigation carried out to deter- 
mine the changes in the coefficient of heat transfer for the 
evaporation of a liquid flowing inside a heated horizontal 
tube. For this research, a semiworks apparatus was con- 
structed, consisting of 48 ft of standard 1-in. copper pipe, 
provided with 12 individual steam jackets, steam traps, and 
condensate lines. In the benzene runs, the velocities 
ranged from 0.26 to 1 fps at the inlet and 80 to 240 fps at the 
outlet; in the water runs, the corresponding values were 
0.27 to 0.85 and 205 to 540 fps. With moderate temperature 
differences, as the fluid is progressively vaporized, the local 
over-all coefficient at first increases, goes through a maxi- 
mum, and then decreases sharply toward values typical of 
superheating dry vapor. Such ‘“‘vapor-binding”’ is attrib- 
uted to insufficient liquid to wet the wall, small droplets 
of liquid being carried down the center of the tube, as 
observed at the entrance to the glass return bend. With 
high temperature differences, the type of vapor-binding 
previously observed when boiling liquids outside sub- 
merged tubes, where (due to excessive temperature differ- 
ence) a vapor film insulates the tube wall from the bulk of 
the liquid, was encountered. 


NOMENCLATURE 


The following nomenclature is used in the paper: 
hevg = average film coefficient for entire boiling section, Btu per 
hr per sq ft of inside surface, divided by the length-mean 
temperature difference from inner wall to fluid inside of 
the tube 


Pp = cumulative weight per cent of feed vaporized, based on 
cumulative heat transferred and feed rate 

Ie = gage pressure on steam header, psi 

q/A = local heat flux, Btu per hr transferred in an individual 
jacket, divided by 0.88 sq ft of inside surface of copper 
tube 

U = local over-all coefficient q/A divided by difference (deg 


F) between saturation temperature of steam and tem- 
perature of fluid. In the boiling section, temperature of 
fluid was taken as saturation temperature 

Uayg = average value of U for boiling section, based on length- 

mean temperature difference 

feed rate, lb per hr 


x 
I 


INTRODUCTION 


Vaporization of liquids inside tubes is of such industrial impor- 
tance that considerable experimental research has been devoted to 
measuring heat-transfer coefficients under such conditions. The 
usual method of reporting the results of such investigations has 
been to base the heat-transfer coefficient on the ‘‘apparent’’ tem- 


1 Professor, Chemical Engineering, Massachusetts Institute of 
Technology, Cambridge, Mass. 

2 Technical Division, Engineering Department, Experimental Sta- 
tion, E. I. du Pont de Nemours & Co., Wilmington, Del. 

3 Technical Division, Rayon Department, E. I. du Pont de Ne- 
mours & Co., Seaford, Del. 

Contributed by the Process Industries Division and presented at 
the Annual Meeting, New York, N. Y., December 2-6, 1940, of THE 
AMERICAN SociETY OF MmcHANICAL ENGINEERS. 

Norg: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


perature difference. For steam-heated apparatus, the apparent 
over-all temperature difference involves the condensing tempera- 
ture of the steam and either the outlet temperature of the par- 
tially vaporized liquid or an average of the inlet and outlet tem- 
peratures. Where tube-wall temperatures have been measured 
by thermocouples, the length-mean wall temperature may be 
substituted for the condensing-steam temperature in order to ob- 
tain apparent ‘‘film temperature differences.’’ Although appar- 
ent over-all or film coefficients are of great value to the designer, 
who usually knows only the apparent temperature difference, 
they can safely be used only when design conditions are almost 
identical with those used in obtaining the data. Thus, the use of 
a longer or shorter tube might cause considerable variation in the 
effective temperature difference and capacity without affecting 
the apparent temperature difference. 

Some investigators (1, 2, 3, 4, 5)* have reported ‘‘true’”’ tempera- 
ture differences obtained by means of a traveling thermocouple 
which measures the temperature of the fluid at various distances 
along the inside of the tube; the true temperature difference being 
taken as the length-mean average of the local temperature differ- 
ences between the inside wall and the fluid.’ 

Since the fluid velocity may vary by several hundredfold during 
passage through the tube, a large variation in the local heat- 
transfer coefficient throughout the length of the tube would not 
be unexpected. Even if heat-transfer coefficients based upon 
true temperature differences and total heat flux in the boiling 
section are known, the designer still does not know whether these 
same coefficients would prevail with a different heated area. 

The principal object of the work to be described in this paper 
was to study the variation in local heat-transfer coefficients in a 
semiworks apparatus in which large percentages of the liquid 
feed were vaporized. The results obtained when boiling pure 
benzene and pure water are given. An analysis of the pressure 
drops, and the results obtained when boiling mixtures of benzene 
and lubricating oil will be published subsequently. 


APPARATUS AND EXPERIMENTAL PROCEDURE 


The apparatus used in this investigation was a special semi- 
commercial evaporator, Fig. 1, consisting of four horizontal 12-ft 
lengths of copper pipe, 1-in. standard pipe size, connected in series 
by glass return bends. Each copper pipe carried three separate 
steam jackets, 3 ft 2 in. long. Condensate was collected sepa- 
rately from each of the twelve steam jackets in order that changes 
in the rate of heat transfer along the pipe could be measured. 
Dry steam from a cyclone separator was supplied to the jackets, 
as shown in Fig. 1. The vapor-liquid mixture leaving the last 
pass was separated, the vapor condensed at atmospheric pressure, 
and the two liquid streams continuously mixed and returned by a 
pump through an orifice to the first pass. An over-all heat bal- 
ance could be obtained from the rate of condensation of steam 
and the rate of flow and temperature rise of the water in the con- 


4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

5 T. B. Drew has reported that insertion of a metal thermocouple 
with a rough surface inside of a vertical steam-heated glass tube re- 
sulted in radical changes in the boiling action, minimizing superheat 
and causing boiling to commence earlier in the tube than when the 
couple was absent. Such a phenomenon should not be encountered 
in commercial tubes where the additional nuclei for bubble formation 
offered by the thermocouple are small in number compared with the 
numerous nuclei along the metal wall. 


645 


546 TRANSACTIONS OF THE A.S.M.E. 


AUGUST, 1941 


© 


ae tw 4 LZ tw {T < 
= + {> STEAM 


HEADER 


SIDE VIEW 
STEAM 
CONDENSATE 
T rn 
To ae JACKET 12 : #2 u haope 10 =} 
SEPARATOR T 7 a 5 i= z ; a8 
— ae = 2 Cae 
es é 3 zy jt RETURN 
= a —— — 7” BENDS 
—— T == T T 7 
T i 2 3 p 
| L = L 2t L a nr 
T a —T T T 
PLAN VIEW 


27 
2s>— = 
v= as) 


Fra. 1 


D1aGRam or Four-Pass EvAPORATOR 


(This diagram shows pressure taps P, thermometers 7, tube-wall thermocouples tw, Pyrex-glass return bends, and twelve steam jackets.) 


denser. The feed rate was determined by means of an orifice 
and checked by means of a heat balance in those runs where the 
liquid was completely vaporized. Fluid temperatures were 
measured at the entrance to each pass. Pressure taps were pro- 
vided near the end of each pass, and pressure drops across each 
pass and the preceding bend were measured by mercury-water 
differential manometers. At the midpoint of each jacket, two 
thermocouples were embedded in the top and bottom of the outer 
wall of the copper pipe. Dropwise condensation of steam was 
promoted by the use of octylthiocyanate. To permit removal 
of noncondensable gases, a steam vent was provided at the top of 
each jacket, near the condensate outlet. 

A series of runs was made on commercial benzene, followed by 
a series of runs on benzene-oil mixtures and, finally, a series of 
runs on distilled water. High-speed photographs of the glass 
return bends were taken by stroboscopic light during some of the 
runs on water. 

During the initial runs on benzene, the thermocouples in the 
tube wall read so nearly like the condensing-steam temperature 
that the film heat-transfer coefficients were almost identical with 
the over-all heat-transfer coefficients. Consequently, the ther- 
mocouple readings were dispensed with during the remainder of 
the runs on benzene, in order to reduce the length of the run and 
the possibility of variation in steam pressure during the run. 
The runs on boiling water were started 3 months after the initial 
runs on boiling benzene; during the intervening time the thermo- 
couples were impaired to such an extent that their operation dur- 
ing the runs on boiling water was unsatisfactory. One observer 
could record all temperatures, pressures, and orifice readings, 
while a second operator collected the steam condensates. The 
twelve condensate streams were collected almost simultaneously 
by starting the collection from each line at 5-sec intervals. After 
steady operating conditions had been maintained for 20 min, the 
actual test period lasted less than 10 min. 

The operation of the apparatus was characterized by fluctuating 
flow in the glass return bends, accompanied by fluctuations of all 
readings, except the rate of flow of water through the condenser. 
Reported readings represented a visual time average over the 
space of several seconds. The saturation temperature of the 
fluid, corresponding to the observed fluid pressure, varied over 
smaller limits than did the observed fluid temperature. Hence, 
all temperature differences in the boiling section were based upon 


the saturation temperature of the liquid, although the observed 
temperatures were usually within 1 C of the saturation tempera- 
ture. The observed temperatures fluctuated over a range of as 
much as 8 C or more. 

From the steam-condensate readings and the known tempera- 
ture and pressure of the fluid, the cumulative weight per cent p 
of the feed vaporized, up to and including any specified jacket, 
was calculated. The local over-all coefficients U in Btu per hr per 
sq ft per deg F, were calculated by dividing the heat flux in each 
jacket by the difference between the saturation temperature of 
the steam and that of the liquid. 


RESULTS AND Discussion oF Runs on Bortinc BENZENE 


The results of three representative runs on boiling benzene are 
shown in Figs. 2, 8, and 4. In Fig. 2, it is noted that the rate of 
heat transfer prior to boiling is high, due to the high temperature 
difference. In the boiling section, the heat-transfer coefficient 
starts at 290 in jacket No. 3, passes through a maximum of 710 in 
jacket No. 9 (in which the cumulative weight per cent of the feed 
vaporized p had increased from 55 to 70), and then decreases to 
about 60 in the last jacket, where p was 95 per cent. The initial 
increase in the heat-transfer coefficient might be ascribed (a) to 
the increasing temperature difference in the later jackets, due to 
pressure drop, or (b) to the increase in the cumulative weight per 
cent of the feed vaporized.® 

The run illustrated in Fig. 3, was taken at a higher steam pres- 
sure than that of the run illustrated in Fig. 2, at approximately 
the same feed rate. Consequently, 67 per cent of the feed was 
vaporized in the first three jackets and the fluid leaving jacket No. 
8 was superheated vapor. It is noted that jackets Nos. 4 and 7, 
which immediately follow a return bend, gave rates of heat trans- 
fer and heat-transfer coefficients considerably higher than ob- 
tained in the adjacent jackets. Itis also noted that jackets Nos. 5 
and 6 gave heat-transfer coefficients substantially the same as 
obtained when dry benzene vapor was being superheated in 
jackets Nos. 8 to 12, inclusive. 


® That the increase in the heat-transfer coefficient is not due solely 
to increasing temperature difference is best proved by reference to 
data (6) on boiling benzene-oil mixtures, in which a similar increase in 
the heat-transfer coefficient with increase in the cumulative per cent 
vaporization occurred despite a decreasing temperature difference as 
the benzene was boiled out of the oil. 
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(Return bends preceding jackets Nos. 4 and 7 result in increased rates of heat 
transfer in these jackets.) 


These two runs are typical. It was generally observed that, 
when the cumulative per cent vaporization became too high, the 
heat-transfer coefficients decreased rapidly in magnitude to 

‘values approximating those for warming vapor, despite the pres- 
ence of small amounts of liquid in the stream, Fig. 2. This phe- 
nomenon represents a form of ‘‘vapor-binding,’’ due to the pres- 
ence of insufficient liquid to wet the walls of the pipe. It was also 
generally observed that a jacket immediately following a return 
bend gave abnormally high coefficients under those circumstances 
where the tube wall would otherwise be vapor-bound, Fig. 3. 
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(Low values of U are caused by vapor-binding due to excessive temperature 
difference. Capacity of apparatus is less than when using steam at 28 psi 
gage, Fig. 3.) 


This phenomenon apparently results from the whirling of liquid 
droplets against the tube wall as the fluid passes around the bend. 
The operation of jackets Nos. 4, 7, and 10 was not abnormal when. 
(a) only small cumulative percentages of the feed had been vapor- 
ized, or (b) when the feed had been completely vaporized. This 
beneficial effect of return bends indicates that the insertion of 
twisted metal ribbons (known as “whirlers’’) inside the tube 
should serve to minimize vapor-binding as large cumulative per- 
centages of the feed were evaporated. 

As shown in Fig. 4, when high steam pressures were used (64 
psi gage, or greater) the heat-transfer coefficients were reduced to. 
an average value of less than 100 for the entire boiling section. 
This is the type of vapor-binding encountered when boiling under 
natural convection outside of horizontal tubes at high tempera- 
ture differences, where a vapor film insulates the tube wall from 
the bulk of the liquid. Vapor-binding when boiling inside of 
tubes can be due (a) to excessive cumulative per cent vaporiza- 
tion, or (b) excessive temperature differences. 

The operating variables and the over-all results of all of the 
runs on benzene are summarized in Table 1. The work with ben- 
zene was intended primarily to high light the field. In order to. 
check the reproducibility of the data, a large portion of the runs 
were taken at low steam pressures. There are five runs at high 
steam pressures and only four runs at intermediate steam pres- 
sures (10 to 50 psi gage). 

The over-all heat balances, corrected for losses, showed an 
average deviation of 3!/: per cent for all of the runs on benzene. 
The heat balances were less satisfactory during those runs where 
the total heat transfer was small; a maximum deviation of 19 per 
cent occurred in run No. B-13 where the total heat transferred 
was only 60,000 Btu per hr, or an average of only 5700 Btu per hr 
per sq ft of heated area, 

Fig. 5 presents the coefficients for the boiling section for all runs 
taken at steam pressures of from 1.2 to 2.1 psi gage. At the be- 
ginning of boiling, the heat-transfer coefficients are approxi- 
mately 300, independent of feed rate. However, the maximum 
heat-transfer coefficient, and the corresponding cumulative per 
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TABLE 1 RUNS ON BOILING BENZENE? 
(Steam used in all twelve jackets in all runs)> 
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Feed Feed Steam Heat¢ Inlet 
Run rate, temp, pressure, transfer, velocity, 

no. lb per hr Cc psi gage Btu per hr fps 
B-6 1010 54.5 114.0 136000 0.94 
B-3 990 52.5 108.0 161000 0.92 
B-2 906 45.0 12574. 183000 0.84 
B-4 1080 55.8 1.9 149000 1.00 
B-7A 1030 58.5 2.1 146000 0.95 
B-11 818 50.5 64.0 141000 0.76 
B-10 689 44.5 34.0 152000 0.64 
B-9 710 45.0 28.0 157000 0.66 
B-8 750 45.7 13.4 157000 0.69 
B-1 615 42.5 16 125000 0.57 
B-5 650 47.0 15 122000 0.60 
B-7 700 45.5 12 127000 0.65 
B-14 713 44.0 pes | 124000 0.66 
B-1A 704 47.5 1.6 129000 0.65 
B-4A 674 51.5 Lee 127000 0.62 
B-6A 720 48.0 21 131000 0.67 
B-12 448 45.5 74.0 87000 0.42 
B-2A 434 41.0 1.6 91000 0.40 
B-5A 453 46.0 1.8 92000 0.42 
B-13 289 37.5 70.0 60000 0.27 
B-3A 282 36.0 1.8 60000 0.26 


@ Refer to Bibliography (6). 
b Inside heated area of copper pipe = 0.88 sq ft per jacket. 
¢ Based on steam-condensate measurements. 
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cent vaporization, depended upon the feed rate, being 940 and 45 
per cent, 700 and 55 per cent, and 540 and 60 per cent when the 
feed rates were 1050, 680, and 390 lb per hr, respectively. The 
first run taken in the apparatus (run No. B-1, shown by triangles 
in Fig. 5) yielded abnormally high coefficients which could not be 
duplicated in subsequent runs. In Fig. 5, arrows are used to 
designate data taken from jackets Nos. 4,7, and 10 (immediately 
following a return bend) when the cumulative per cent vapor was 
greater than 60 per cent. 

Fig. 6 shows the coefficients of Fig. 5 plotted against the aver- 
age linear velocity, arbitrarily taken as the geometric mean of the 
calculated velocities entering and leaving that section, deleting 
the data shown by triangles and arrows in Fig. 5, and adding data 
for sections where vaporization started. If the curves of Fig. 5 
are compared, it will be found that, in the range of p from 55 to 
70 per cent, the coefficients:are complicated functions of the feed 


Start of Start of 
Weight boiling superheating 
Outlet per cent section, section, Pressure 

velocity, of feed per cent per cent drop, 
fps vaporized of jacket of jacket em Hg 
175 66 DOLE TR hae che wcrc 20.1 
220 82 10003 Bien. wf esa 24.4 
240 100 10 of J 2 50 of J 12 387.4 
185 66 URS Gi is ie ie Ars 5 20.8 

190 73 70 OL 30 | ae wenen ae 
190 87 Goa ees 23.0 
200 100 50 of J 1 60 of J9 26.7 
210 100 50 of J 1 10 of J8 32.0 
205 100 End of J1 50 of J 10 33.2 
170 100 40 of J 2 50 of J 12 20.2 
165 96 CSSA 6) cc ape Senet ee 17.4 
170 91 LOOR IS) Pe 17.4 
160 85 60Yeh S's. | ore 18.0 
165 91 LO Of 0032” 7 OAS. ee 20.9 
180 100 80 of J 2 90 of J12 19.6 
175 92 Bad oth doo J” pe ges Se 19.1 
120 98 SOvOtA Daa Pee 9.3 
120 100 20 of J 2 40 of J9 V7. 
130 100 30 of J 2 70 0f J9 12.3 
80 100 70 of J1 70 of J 12 4.6 
81 100 80 of J1 10 of J6 5.7 


rate, the highest coefficients being obtained at the intermediate 
feed rate. This difficulty is overcome in Fig. 6, where, at the 
lower velocities the coefficients are independent of the feed rate 
and, at the higher velocities, higher coefficients are consistently 
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obtained with the higher feed rates. However, Fig. 6 sheds no 
light on the point where vapor-binding, due to excessive cumula- 
tive vaporization commences, i.e., there does not seem to be a 
critical velocity, independent of feed rate, which is sufficient to 
sweep the liquid from the wall of the tube. 

The results of all runs taken at feed rates of approximately 700 
lb per hr and various steam pressures are presented in Fig. 7. 
At low cumulative per cent vaporization the highest heat-transfer 
coefhicient was obtained when using a steam pressure of 13.4 psi 
gage, corresponding to an over-all temperature difference of 26 C. 
Critical temperature differences of this same magnitude have been 
obtained (7) when boiling benzene in natural convection evapo- 
rators heated by submerged horizontaltubes. At high cumulative 
per cent vaporization, higher temperature differences (resulting 
from the use of higher steam pressures) increase the extent of 
vapor-binding. The beneficial effect of return bends is strikingly 
illustrated by those points which are designated by arrows in 
Fig. 7. 

At low rates of heat transfer, the precision of measurement be- 
comes poor because the condensate resulting from heat losses 
from the apparatus becomes a substantial fraction of the total 
steam condensate. At feed rates of about 700 lb per hr, the heat- 
transfer coefficients averaged 70 in the superheating section, 
although the actual coefficients in the superheating region varied 
from 57 to 107. Predicted coefficients (8) for superheating ben- 
zene vapor at this feed rate are about 80. 

Heat-transfer coefficients obtained for preheating the benzene 
ran from 2 to 4 times as large as those predicted (8) for the warm- 
ing of liquids in turbulent flow inside of pipes. These abnormally 
high coefficients may be due (a) to increased turbulence resulting 
from temporary vaporization in the superheated film adjacent to 
the hot wall, followed by condensation in the bulk of the stream 
of liquid, and (6) to the turbulence resulting from the surging 
flow inside the tubes, superimposed upon that which would nor- 
mally exist in steady flow. 


RESULTS AND Discussion or Runs on Bortinc WATER 


The operating variables and the over-all results of all of the 
runs on water are summarized in Table 2. The first five runs 
were made using water which had been left in the apparatus 48 hr 
and was turbid and red with rust. The system was then drained 
and flushed with distilled water, the inside of the copper pipes 
was thoroughly swabbed with pieces of cloth wrapped around a 
wire brush, and two check runs were taken using fresh distilled 
water. Use of rust-free water and freshly cleaned tubes (run No. 
W-6) gave the same results as run No. W-2 with rusty water; run 
No. W-7 with clean water gave somewhat higher coefficients than 
run No. W-5 with rusty water. 
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The over-all heat balances, corrected for losses, showed a 
maximum deviation of 8 per cent and an average deviation of 3 
per cent; the heat flux and the coefficients were based on the 
steam-condensate readings. The local over-all temperature 
difference for each jacket in the boiling section was taken as the 
difference between the saturation temperature of the steam and 
that of the liquid. During the final water runs, the steam supply 
was cut off from the first three to six jackets; this technique pro- 
vided a check on the operation of the individual steam jackets by 
varying the number of heated jackets preceding any one jacket. 

Of special interest in Table 2 are the first four runs, all taken at 
substantially the same feed rate and steam pressure, but with a 
varying number of heated jackets. Six heated jackets (run No. 
W-10) transferred 308,000 Btu per hr; increasing the heated area 
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by 50 per cent (run No. W-9) resulted in the transfer of 376,000 
Btu per hr, an increase of only 22 per cent in the heat transfer. 
Increasing the heated area from six to twelve jackets increased 
the heat transfer from 308,000 to 425,000 Btu per hr, an increase 
of only 38 per cent. As can be seen from Table 2, in these four 
runs, an increase in heated length increased the pressure drop and 
decreased the temperature difference; the average coefficient for 
the boiling section changed but little. 

During the runs on water the amount of condensate collected 


TABLE 2 RUNS ON BOILING WATER? 


Feed Feed Number Steam Heat? 

Run rate, temp, heated pressure, transfer, 

no.d lb per hr Cc jackets psi gage Btu per hr 
W-5 (r) 984 88.3 12 23.4 423000 
W-7 (c) 1022 81.5 12 21.7 426000 
W-9 (r) 1110 87.0 9 21.2 376000 
W-10(c) 935 85.9 6 22.1 308000 
W-3 (r) 1037 88.2 12 11.4 227000 
W-13(c) 696 74.4 6 (64) 4 552000 
W-11(c) 672 79.3 6 aya | 465000 
W-6 (c) 685 78.5 12 10.3 245000 
W-2 (r) 690» 80.8 12 10.5 244000 
W-8 (r) 674 82.4 9 10.1 200000 
W-12(c) 348 63.1 6 (79) 4 358000 
W-4 (r) 425 66.7 12 20.8 417000 
W-1 (r) 372 65.5 12 9.7 273000 


®@ Refer to Bibliography (6). : 
b (r) and (c) refer to rusty and clean feedwater, respectively. 
¢ Based on steam-condensate measurements. : 

@ During the two runs at steam pressures above 60 psi gage, 


as estimated from the thermocouple readings, may be in error by as much as 5 C; 


difference in these two runs. 


Average 
boiling 
Weight coefficient, 
Inlet Outlet per cent Average Btu per sq ft Pressure 
velocity, velocity, of feed boiling per deg F rop, 
fps fps vaporized At, C per hr em Hg 
0.75 410 41 14.3 1630 44.3 
0.78 400 39 12.6 1940 49.1 
0.85 380 32 16.1 1760 31.8 
OnE 310 31 20.5 1700 19.8 
0.79 230 20 9.5 1400 20.4 
0.53 540 17 (42) (1370) 42.8 
0.51 470 67 26.6 1910 33.4 
0.52 250 33 9.2 1450 WT ad) 
0.53 260 33 9.2 1450 18.5 
0.51 205 27 10.3 1560 12.5 
0.27 400 99 (57) (620) 22.2 
0.32 460 95 18.2 1220 32.5 
0.28 300 69 9.4 1600 16.8 


the operation of the pressure gage was unsatisfactory and the condensing-steam temperature, 


but this error is only about 10 per cent of the over-all temperature 
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from jacket No. 6 was consistently lower than that in either of the 
adjacent jackets. Even when steam was not supplied to the first 
three jackets, jacket No. 6 (which was then the third heated 
jacket) gave less condensate than jackets Nos. 5or7. It was con- 
cluded that the conditions for heat transfer in jacket No. 6 were 
not as favorable as in the adjacent jackets, possibly due (a) to a 
partial blocking of the air vent, or (b) to a partly clogged con- 
densate drain line which caused the lower part of the tube to be 
immersed in condensate. Accordingly, all data from jacket No. 6 
have been deleted from the subsequent correlations, except that 
the actual rate of heat transfer in jacket No. 6 was used to calcu- 
late the cumulative vaporization in subsequent jackets. 

The local over-all coefficient of heat transfer in the boiling 
section is plotted in Fig. 8 versus the cumulative weight per cent 
of the feed vaporized, for all of the runs on water. The feed rate 
ranges from 58,000 to 185,000 lb per hr per sq ft of cross section, 
corresponding to inlet velocities of 0.27 to 0.85 fps. Arrows are 
used to designate data taken on a jacket immediately following a 
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return bend when the cumulative vaporization was in excess of 
60 per cent. 

In Fig. 8, over a range of cumulative per cent vaporization 
from 2 to 70 per cent, the coefficients fall in a band of points hav- 
ing a maximum deviation of about 25 per cent from the average 
coefficient at any given value of p. At vaporizations of less than 
10 per cent, the higher steam pressures (about 24 psi gage) give 
coefficients higher than the lower steam pressures (about 10 psi). 
This beneficial effect of increasing temperature difference fades 
out as higher cumulative vaporization is encountered, and the 
heat-transfer coefficients increase with increase in p and go 
through a flat maximum at about 40 per cent vaporized. At high 
values of p the heat-transfer coefficients decrease to well below 
1000. Based on meager data in this range, the coefficients ob- 
tained when using higher temperature differences (resulting from 
the use of higher steam pressures) are lower than when using 
lower temperature differences. This increase in vapor-binding at 
high cumulative vaporization is similar to that obtained with 
benzene, Fig. 7. 

In confirmation of the results obtained on water are the data of 
Stroebe, Baker, and Badger (5) who boiled water under various 
pressures inside a 1.76-in. vertical copper tube, 20 ft long. 
Mass velocities ranged from 14,400 to 126,000 lb per hr per sq ft 
of cross section, corresponding to inlet velocities of 0.065 to 0.58 
fps. However, the heat-transfer coefficients (based on an average 
temperature difference as measured with a traveling thermo- 
couple) were correlated in terms of physical properties of the 
liquid and the temperature difference, independent of feed rate, 
except as varying the feed rate varied the mean temperature 
difference and, hence, the average liquid temperature. Film 
heat-transfer coefficients for boiling water varied from 1160 to 
2640. 

When Stroebe plotted his heat-transfer coefficients versus the 
temperature difference, for a given feed rate and discharge pres- 
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sure, he observed that high coefficients were obtained at the low- 
est temperature differences, that the heat-transfer coefficient went 
through a minimum at 8 to 10 F, and that further increases in 
temperature difference resulted in an increase in the coefficient. 
The high coefficients at low temperature differences may be 
specific to low temperature differences, or may possibly result 
from (a) small errors in measuring the temperatures, which would 
cause a large percentage error in the small temperature difference, 
or (0) the use of a length-mean temperature difference, despite a 
variation in local heat-transfer coefficient along the tube. For 
purposes of comparison with the data of this paper, in which 
temperature differences below 14 F were never employed, the 
coefficients obtained by Stroebe when boiling water at 200 F have 
been plotted in Fig. 9, versus the total per cent of the feed vapor- 
ized, arbitrarily deleting all coefficients based upon temperature 
differences of less than 3 F. On the same plot are shown the data. 
of this paper for the boiling section of all runs on water, calculated 
as average coefficients (cf. Table 2) by dividing the total heat 
flux in the boiling section by the length-mean temperature 
difference. 

Both sets of data plotted in Fig. 9, indicate a decrease in the 
heat-transfer coefficient as the discharge end of the tube becomes 
vapor-bound, due to excessive cumulative vaporization. In 
fact, Stroebe observed that as the fluid left the tube, under some 
conditions (particularly high over-all temperature difference), 
all of the liquid seemed to be carried as a spray up the center of 


Fic. 10 HieH-Sprep PHoTograpH oF ReTuRN Brenps av END oF 
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(Taken between surges at a feed rate of 530 lb of water per hr and a steam 

pressure of 20 psi gage. Calculated cumulative vaporization equals 8 per 

cent of feed [by weight], in first return bend [at the left] and 47 per cent in 

third. Note quiet liquid layer in bottom of first return bend. A cardboard 

background was placed behind return bends. Photograph taken by Pro- 
fessor H. E. Edgerton with exposure of 1/100,000 sec.) 
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Fig, 11 


(Photograph taken during a surge in first return bend by Professor H. RB. 
Edgerton.) 
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the tube, “suggesting that the film became thinner near the top 
and. . disappeared entirely, leaving part of the tube surface dry.’’ 
It is important to note that, although the last part of the tube 
surface may be badly vapor-bound, the average heat-transfer 
coefficient for the entire boiling section may still be quite high. 

Stroebe’s coefficients at low vaporization run higher than those 
obtained in the horizontal tubes. While this may in part be due 
to the comparison of film versus over-all coefficients, it is more 
probably due to the difference in vertical and horizontal tubes. 
When only small percentages of the feed had been vaporized in 
the horizontal-tube apparatus, observation of the glass return 
bends showed that the liquid phase was carried as a separate 
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layer, moving at low velocity and filling only a fraction of the 
horizontal tube. Occasional surges resulted in an intimate mix- 
ture of liquid and vapor which completely filled the tube. This 
intimate mixture prevailed steadily at higher vaporization, even- 
tually giving way to a spray of liquid drops suspended in a 
stream of vapor. This phenomenon is illustrated in Figs. 10 and 
1l. In the range AB of Fig. 9, it is quite possible that the bene- 
ficial effect of increasing the per cent vaporized in horizontal tubes 
is largely due to an increase in the fraction of the wall wetted, as 
an intimate mixture of liquid and vapor replaces the liquid layer 
which in earlier jackets filled only a fraction of the tube. 

The data of Stroebe (5) at pressures other than atmospheric, 
Fig. 12, also suggest the existence of vapor-binding at high cumu- 
lative vaporization, for no coefficient greater than 1500 was ob- 
tained when the total vaporization in the tube was greater than 
70 per cent. 

Tube diameter apparently is not important when boiling liquids 
outside of horizontal pipes (9), but it may be very critical when 
boiling liquids inside of horizontal pipes because of its possible 
effect on the character of flow. Thus, with a low entering veloc- 
ity, in a 4in-diam horizontal pipe, stratification of liquid and 
vapor might persist to far greater cumulative vaporization, 
whereas, in !/2-in-diam horizontal pipe, appreciable stratification 
might never occur. 


CONCLUSIONS 


For pure liquids entering at low velocities and boiling inside 
horizontal tubes the following conclusions are drawn: 

1 Vapor-binding, accompanied by a decrease in the local over- 
all coefficient of heat transfer, can be caused by excessive cumula- 
tive per cent vaporization when using moderate temperature 
difference (Figs. 2, 5, and 8) or by excessive temperature differ- 
ence at moderate per cent vaporization, Fig. 4. 

2 With moderate temperature difference, as the cumulative 
per cent vaporization increases, the coefficient at first rises, then 


on 
it 


goes through a maximum and decreases sharply; in the latter 
range the effect of a return bend is beneficial in increasing the 
coefficient in the jacket immediately following. 

3 With excessive temperature difference, equal to or somewhat 
greater than that required to produce the maximum coefficient, 
the surface becomes vapor-bound, and an increase in cumulative 
weight per cent vaporized is not beneficial and may be detri- 
mental, Fig. 7. 

4 Inthe boiling section, the fluid stream, immediately follow- 
ing the return bend, is at substantially the saturation tempera- 
ture corresponding to the pressure. 

5 In the superheating section, the coefficients are of the same 
order as those predicted from the accepted equation for heating 
gases. 

6 In the preheating section the coefficients are considerably 
higher than those predicted for warming liquids; this may be 
due to local boiling followed by condensation in the bulk of the 
stream of liquid, and to the surging flow inside the tube. 
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Discussion 


Vicror J. Skocuunp.? The authors analyze pressure-drop 
data under the assumption that the pressure drop has only two 
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components: (a) wall friction, and (b) change in kinetic energy. 
In the flow of media of more than one phase of different den- 
sities, the different phases will have different velocities, and 
therefore, there will be a transfer of momentum between phases. 
A transfer of momentum between particles, having different 
velocities, results in a loss of mechanical energy. This loss of 
energy adds another component to the pressure drop. 

The equation of motion of a liquid particle evaporating in a 
pipe is very complex. The equation should include the follow- 
ing terms: 

1 A force term due to the pressure gradient. 

2 A force term due to the relative velocity between liquid 
and vapor phases. This is the component discussed by the 
writer. 

3 A momentum term due to the changing velocity of the 
particle. 

4 Amomentum term due to the changing mass of the particle. 


AutTHoRsS’ CLOSURE 
The analysis of the pressure drops is to appear in a paper to be 
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presented at a subsequent meeting of the Society. The friction 
losses were calculated from the observed pressure drops in each 
of the last three passes, allowing for the changes in kinetic energy 
due to changes in the mass and velocity of both vapor and liquid. 
It was assumed that the friction loss could be correlated by an 
equation of the Fanning type, without allowance for the unknown 
slip between the vapor and liquid. 

In the range where the cumulative vapor generation exceeded 
20 per cent by weight, the friction factors so obtained were inter- 
mediate between the usual friction factors for one-phase isother- 
mal flow, corresponding to Reynolds’ numbers for all liquid, and 
all vapor, respectively. The reasonable values of these apparent 
friction factors suggest that friction, arising from the transfer of 
momentum between vapor and liquid phases, is of minor impor- 
tance under the conditions of the experiments described. 

In the range where the percentage of feed vaporized was small, 
and where separation by gravity into two continuous phases 
sometimes occurred (as shown in Fig. 10 of the paper, at the end 
of the first pass), the pressure drops were too small to warrant 
any conclusions. 


Recommended Code of Procedure tor Fatigue 
Testing of Hot-Wound Helical 


Compression Springs 


By C. T. EDGERTON,! NEW YORK, N. Y. 


This paper gives the recommended procedure for fatigue 
testing hot-wound helical compression springs in com- 
plete detail, so that any competent research technician, 
with only an elementary knowledge of spring theory, can 
successfully carry out a program of fatigue tests on helical 
springs, with practically no other guidance than the in- 
structions laid down in the Code. This has been proved 
by actual trial. 

The test procedure is planned to develop a complete 
S-N diagram for each group of variables, instead of merely 
an endurance limit. In the actual plotting of the S-N 
diagrams, the Committee has developed a technique based 
on probability theory, which has been included in the Code 
recommendations. The type of formula used is assumed. 
The precision measurements and test methods prescribed 
in the Code permit the computation of relative stresses in 
the test springs to a high order of accuracy. 

It would seem reasonable to assume that there is a 


HIS code has been prepared for the guidance of the 

Special Research Committee on Mechanical Springs in 

the conduct of fatigue tests on heavy helical springs. It 
is the result of experience gained from a considerable number 
of such tests which have been conducted in recent years, under 
the sponsorship of the Committee. 


Purpose or TESTS 


As the test procedure laid down in the code is quite definitely 
standardized, it cannot be considered as applicable to every 
variety of investigation into helical-spring endurance. In gen- 
eral, it is intended to cover tests on such variables as grade of 
material, heat-treatment, amount of cold-working, effect of sur- 
face finish and (to some extent) variations in the absolute and 
relative dimensions of the springs. 


Size or Test SPRINGS 


Except where the variable investigated is a dimensional one, 
the recommended size of the test springs is as follows: 


Dimensions Design A Design B 
D = outside diameter.......--+-++++eeeeeereee 6 in. 41/2 in. 
Me —p CANON OO rgb ae Go D00n UU OROUCUROOCOeOE 1-in. rd 3/4-in. rd 
n = number of coils.........+-+++eeee cree eee 7/2. 7/2. 
pi = pitch as coiled (max)...-.-.-+++e-+eeeeeee 21/2 in 17/3 in 
pitch as coiled (min).......-.-++2e+eeeeee 11/2 in 11/g in 


Design A is preferred, provided the fatigue machine available 
is of sufficient size and strength to handle it; otherwise use de- 
sign B. 


1Manager, Bureau of Statistics, Crucible Steel Company of 
America, Inc. 

Contributed by the Special Research Committee on Mechanical 
Springs and presented at the Annual Meeting, New York, N. Y., 
December 2-6, 1940, of Tam AMERICAN SOCIETY OF MeEcHANICAL 
ENGINEERS. 

Norz: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


mathematical equation representing the S-N relation, the 
formulation of which awaits an exact determination of 
the statistical laws controlling the formation and propa- 
gation of fatigue cracks. The Committee feels that a 
studied guess at the correct form of equation is a con- 
structive move. If results indicate that the guess is ap- 
proximately correct, the use of such a formula has the 
important advantage that without it the research consists 
of a series of successive approximations to the correct 
value of the endurance limit, a quantity obviously im- 
mune to exact measurement. In testing helical springs, 
this procedure is very tedious and expensive, on account 
of the slow speeds to which we are limited. On the other 
hand, if the test data are fitted to a probable S-N dia- 
gram, every observation makes a considerable contribu- 
tion to the correctness of the graph, and only one or two 
of the runs need be prolonged beyond 1,000,000 cycles of 
stress. 


It is recommended that the endurance tests be planned to de- 
velop a complete stress-endurance curve, rather than merely a 
value for the endurance limit. Therefore, the free height of the 
test springs should be varied so that a suitable range of test 
stresses can be applied. The simplest practical method to obtain 
this range of stress in the test springs is to specify the desired 
pitch to which the individual springs in the test set should be 
wound. The maximum and minimum values for pitch previously 
given are satisfactory for most grades of material. 


SELECTION OF MATERIAL 


The standard test set consists of fourteen bars 1 in. rd by 
111 in. long, for design A; 3/,in. rd by 83/2 in. long, for design 
B. The chemical composition should approximate the mean 
values for the grade. History of the heat should be known, in- 
cluding character of melt, pouring temperatures, and details of 
processing. 

The recommended metallurgical tests are described in a later 
section; but certain of these tests should be conducted at the 
time of selection of the heat, to insure representative material. 
They are: 


1 Check analysis 

Surface inspection 

Examination for decarburization 
Penetration-fracture determinations 
Microexamination 

McQuaid-Ehn test 

Magnaflux tests on finished springs 


NOD Or Pp W 


Two of the bars should be held for tension tests and metal- 
lurgical examination, and as stock for pilot pieces in control of 
heat-treatment; leaving twelve bars to be made up into springs. 


TAPERING AND CoILING 


Spring bars should be roll-tapered on both ends: Design A to 


553 


554 


a length of 1171/; in., with points 17/g4 in. thick; design B to a 
length of 88 in., with points 18/5, in. thick. These taper dimen- 
sions are estimated to produce the standard tapered bearings of 
three quarters of a coil, after grinding 1/64in. from each end of the 
spring. 

For coiling, the springs should be heated rapidly and uniformly 
to a temperature of 1800 to 1900 F, and not allowed to soak. All 
practicable precautions should be taken against decarburization. 
Coiling should preferably be done on a preheated mandrel. 
Springs should be slow-cooled after coiling, 


Fig. 1 Group Lrerrer anp Serta, NumBer STamMpEp on Fiat 
Sipe or Taprrep-Sprine Enp 


It is suggested that each group of springs be assigned an identi- 
fying letter, and that the individual springs in each group be 
serially numbered from 1 up. The group letter and serial number 
should be cold-stamped on the flat side of each tapered end, Fig. 1. 


Heat-TREATMENT 


Springs should be heated in a controlled-atmosphere furnace 
to the recommended temperature for the grade, allowing about 
60 min for design A, and 45 min for design B, total time in the 
furnace. They should be withdrawn from the furnace on a rising- 
temperature gradient, and immersed as rapidly as possible in a 
bath of high-grade quenching oil (Houghton Soluble, Atlantic 
Matchless, Rodmanol, or equivalent). If the bath is not me- 
chanically agitated, springs should be kept in motion therein for 
at least 30 sec after immersion. The bath should be warm enough 
to be entirely fluid, but at no time should exceed 125 F. 

Springs should then be drawn to the approved drawing tem- 
perature for the grade, preferably in a liquid bath or, as second 
choice, in an electrically heated furnace. With the liquid bath, 
the draw time (at temperature) should be 60 min for design A, 
or 45 min for design B; for any other medium, somewhat more 
time is recommended. After withdrawal from the draw medium, 
the springs should be immersed in cool oil, until they are no more 
than “hand-warm.”’ 

To check the results of the heat-treatment, one of the two spare 
bars should be cut into pieces about 5 or 6 in. long. These should 
be wired to the springs, and accompany them through the treat- 
ment. Brinell hardness tests on these pilot pieces should then 
give readings of 400 to 430, for most standard spring grades. 
Bending and fracture tests are also recommended on some of the 
pilot pieces, if facilities are available. 


PRELIMINARY GRINDING 


Both ends of each spring should then be ground in a chuck 
to give the springs an absolutely stable bearing, and to make them 
stand not more than 1/¢ in. per ft out of perpendicular. No more 
than the minimum amount of grinding required to accomplish 
these results is recommended. Further grinding, after the solid 
tests, will usually be necessary. 


PRELIMINARY TEsts 


Each spring should be compressed solid a sufficient number of 
times to put it into an approximately cyclic condition. For 
springs of high initial pitch, a large number of compressions is 
required to remove practically all “permanent set.” It is sug- 
gested that the solid compressions be applied in sequences of five, 
and the free height measured after each sequence. When two 
successive measurements differ by less than 1/3. in. the test can 
be considered complete. The number of tests required will be 5 
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to 10 for low-pitch springs and up to 25 or 30 for the higher 
pitches. 


FINAL GRINDING 


Each spring should then be reground on both ends so that it 
seats firmly on a level surface, and stands not more than 3/e4 in. 
out of perpendicular. 


CALIBRATION TEstTs 


Each spring should then be given a load-deflection test in an 
accurate testing machine. Following are the steps recommended 
in detail: 

Apparatus. The apparatus used consists of the following: 


1 Testing machine, preferably of the screw type. It should be 
of approximately 10 to 25 tons capacity for design A, and 5 to 15 
tons for design B. 

2 A depth-gage micrometer, L. 8. Starrett catalog, No. 124, 
or equivalent, for taking the height readings. 

3 A deep-jaw micrometer of proper size for measuring outside 
diameters. 

4 A round-nose or needle-point micrometer: and 

5 A vernier caliper, both for measuring bar diameters. 

6 Two round or square bearing plates, about 3 in. larger than 
the outside diameter of the spring, not less than 1 in, thick, ma- 
chined, hardened, and ground true flat and with parallel faces. 


Procedure. Prick punch one bearing plate at its approximate 
center and, from this center, scribe several circles, the smallest 
of these being about the same diameter as the spring. Scribe a 
diametral line through the center; the two intersections of this 
line with the outer circle are the datum points for the height 
measurements. The outer circle should be of about the minimum 
diameter that will permit ready manipulation of the micrometer. 
The other circles will aid in visual centering of the spring on the 
bearing plate. 

Mount the bearing plate, with the spring centered thereon, in 
the approximate center of the testing-machine bed, with the 
datum points oriented for maximum convenience in taking height 
measurements. Place the other bearing plate on top of the 
spring. Compress the spring solid at least twice, with a scale 
load about 25 to 50 per cent in excess of that necessary to effect 
visual contact between adjacent coils of the spring. Measure the 
free height of the spring, between bearing plates, at the two datum 
points, designating the two measurements as “right” and “left,” 
respectively. 

Apply successive loads in increments of 1000 Ib for design A, 
or 500 lb for design B, measuring and recording the heights under 
each load, at the two datum points. The final load increment 
should be at about 1/; in. to 1/2 in. above solid height. Compress 
the spring solid with loads as indicated, and measure the solid 
height. Release the spring with successive decrements of load, 
using the same loads as in compression, and measure the heights 
at each load. Remeasure the free height after the spring is fully 
released. 

Care should be exercised not to overrun (or underrun) the de- 
sired load. If an overrun or underrun is accidently made, measure 
and record the actual load and corresponding heights. Do not 
attempt to run back to the intended load reading, as this will 
inevitably cause an inaccuracy in the height readings, due to the 
hysteresis effect. 

Remove the spring from the machine, and measure the outside 
diameter over a semicoil, in six positions, with the deep-jaw 
micrometer. The spring should be rotated slightly between suc- 
cessive measurements, so that these are in different diametral 
planes. These measurements must be corrected to perpendicu- 
larity with the axis of the spring, as described later. 
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Measure the bar diameter in six places. Three of these should 
be perpendicular to the spring axis (one at each end and one about 
the center of the spring). These measurements can conveniently 
be made with the round-nose micrometer. For low-pitch springs, 
it is sometimes necessary to omit the measurement at the center, 
owing to the impossibility of inserting the micrometer between 
the coils. The other three measurements should be parallel to 
the spring axis; again, one near each end and one at the center. 
For these the vernier caliper is most convenient. 

By way of illustration, a specimen log of one of the Committee 
tests is shown in Table 1. The spring is of design B. It is recom- 


TABLE 1 CALIBRATION TEST OF SPRING G-5 

-——Compression Test—— Release Test———. 
Loads Right, Left, Average, Right, Left, Average, 

in. in. in, in, in. in. 

Free after 

twice solid, lb 8.158 8.169 8.164 8.145 8.162 8.154 
500 7,795 7.799 7.797 7.740 7.743 7.742 
1000 7.441 7.443 7.442 7.351 7.354 7.353 
1500 GelOr 7.107 7.107 6.984 6.986 6.985 
2000 6.764 6.767 6.766 6.632 6.636 6.634 
2500 6.414 6.415 6.415 6.290 6.292 6.291 
3000 6.152 6.153 6.153 5.947 5.951 5.949 
3500 5.693 5.692 5.692 5.617 5.616 5.617 
4000 5.334 5.336 5.335 5.312 5.314 5.313 

Solid 5.213 5.213 5.213 he Sc Se 


4.561, 4.573, 4.555, 4.555, 4.563, 4.550— 
average = 4.560 


Size - of - bar measurements: 0.741, 0.737, 0.736, 0.748, 0.748, 0.743— 
average = 0.742 


Outside-diam measurements: 


CALCULATION OF CONSTANTS 


Gh AERO Lee, CSD OSE ON SUC HO.00 OO SCIO BIO SOO CIC SOD 0.742 in, 
ID = outside diameter of half coil......552.cceccccennss ene 4.560 in. 
p = approximate pitch = a 5 San areca ierac.et 9. 1.280 in. 
M = mean helix diameter = (3.818)? — (0.640)%....... 3.764 in. 
Sc = fiber stress per 1000-lb load (conventional formula) = 
1000 X 3.764 A 
eerie terete eect nese re nate vee 23464 
0.3927 X (0.742) ee 
= i i ee ery Mcrae cine aii toe" eLe chee lelsicherecs 072: 
c spring index 0.743 5.0728 
k = Rover-Wahl correction factor............02++0e+ee0e- 1.3053 
Sw = fiber stress per 1000-Ilb load (with Rover-Wahl correc- ; 
PLGu mentee omic id perefele wr ial es als ro sla eh acale sintene 30628 psi 
Fig) tee CBDUG. WEIRD Ge oe 52.0 Rake feael ois <b cco we en wed os eee wees 5.213 in. 
P. = capacity (read from graph)...........+-+s-++++05 4165 lb 
maximum fiber stress solid (conventional formula) = . 
PCBS ue on cecal nue A Te Niatalls eye eis ekensinle aise aisle ...- 97730 psi 
maximum fiber stress solid (with Rover-Wahl correction) p 
Ps x SEV Ie wens caret aan kreicy es qfee'lave:s a) s.leielsiienere ave 127565 psi 
8.5 
MAXIMUM STRESS SCALE (WITH ROVER-WAHL CORRECTION) 
10,000 athe | ie | as | “ie 110,000 ate sat 
hy MAXIMUM STRESS SCALE (CONVENTIONAL FORMULA) 
30,000 AL | oie abe | vite 
15 t at 
ae 
27.0 
oO 
= 
cE it 1 Beco 
665 
a SIZE OF BAR -0.742 IN. 
pa MEAN HELIX DIAM — 3.764 IN. 
CONVENT SNAL FORMULA) 23,464 PSI 
I - 23, 
hy ont ROVER- WAHL. CORRECTION) - 30,628 PS! 
SOLID HEIGHT ~ 5.213 IN. 
CAPACITY - SOLID - 4165 LB 
5.5 MAXIMUM F.S. SOLID - If 
(CONVENTIONAL FORMULA) 97,730 PSI 
WITH ROVER- WAHL CORRECTION)~1!27,565 PSI 
5.0 i 
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 


LOAD, POUNDS 


Fig. 2 Loap-Deriection Grapx, Spring G-5 


mended that the averages of the two readings under each load be 
tabulated as the test progresses, since by this means any serious 
error in the test readings may instantly be detected. A well- 
made helical spring will show rather close to “straight-line” com- 
pression. Usually, with a high-pitch spring, the increments of de- 
flection tend to increase slightly; with a low pitch they decrease 
somewhat. 


The next step is to compute the stress scale of each spring, so 
that the load corresponding to the maximum desired stress in the 
fatigue test can be determined. The steps of the calculation are 


d = size of bar (average of previous six measurements) 
D = outside diameter of one-half coil (average of measure- 
ments) 


(free height — 11/2) K d 


p = approximate pitch = : r the 
total coils — 2 
approximate pitch can be scaled from the spring 
M = mean helix diameter = “/ (D — d)? — (p/2)? 
S. = fiber stress per 1000-lb load (conventional formula) 
_ 1000 x M 
~ 0.392748 
c = spring index = M/d 
k = Rover-Wahl correction factor = pac a Sig pl 
4c— 4 c 
S.» = fiber stress per 1000-lb load (with Rover-Wahl correc- 


tion) = kS, 


It is recommended that a graphical presentation of the calibra- 
tion test be made. The standard form used by the Committee is 
illustrated in Fig. 2. The test figures plotted are those given in 
Table 1. 


ASSIGNMENT OF STRESSES FOR FATIGUE TEST 


In the Committee’s experience, it has not been found necessary 
to test as many as twelve springs in order to establish a satis- 
factory stress-endurance curve. It has been the practice to with- 
hold several springs from the fatigue test, and to use them for pre- 
cision tests to establish and check design formulas and constants. 
Therefore, it is recommended that three springs (No. 1, the high- 
est, No. 6 or 7, and No. 12) be set aside for the purposes referred 
to. If it is found that the nine remaining springs are insufficient 
for the purpose of the fatigue tests, they can be supplemented by 
one or more of the three extra springs. 

Obviously no exact instructions can be given for assignment of 
test stress to each of the nine springs, as it is not known in ad- 
vance how great a total range the stresses may have to cover. 
For plain carbon steels in which the maximum fiber stress solid 
in the highest spring is about 130,000 to 140,000 (with the Rover- 
Wahl correction), the first assignments may be 108,000 psi to 
No. 2, 100,000 to No. 3, and 92,000 to No. 5. 

Further assignments will depend upon the endurance shown by 
these three springs. As an illustration, Table 2 gives the exact 
procedure used in assigning stresses for the Committee’s group G 
springs. 


TABLE 2 ASSIGNMENT OF STRESSES FOR GROUP G SPRINGS 


Stresses assigned, psi Cycles to failure 


G-2 108000 
G-5 92000 
G-7 84000 
G-2 141900 
G-5 338700 
G-7 428000 
G-9 80000 
G-10 76000 
G-9 568600 
G-10 999300 
G-11 78000 
G-13 74000 
G-11 1334200 
G-13 2137500 
(unbroken) 
G-3 120000 
G-6 100000 
G-3 95200 
G-6 169100 


In the assignment of test stresses, it will be helpful to bear in 
mind that the stress at which the springs will run 1,000,000 
cycles is usually 3000 psi to 5000 psi above the endurance limit. 

It is highly important that the stresses, assigned to the various 
springs, bear a general relationship to the maximum fiber stress 
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solid. While the relationship need not and cannot be mathe- 
matically constant, the higher test stresses should not be as- 
signed to the springs of lower solid stress. 

The higher solid stresses are produced by removal of perma- 
nent set, i.e., by cold-working the springs; and this cold-working 
has a marked effect on the endurance. The ideal condition for 
the tests would be a group of springs with graded solid stresses, 
produced without cold-working; but this is obviously impossible. 
The logical alternative is to maintain a relation between the test 
stress and the solid stress, and so between the test stress and the 
cold-working effect. 

The individual test stresses having been assigned, the test loads 
are calculated therefrom, by the formula 


0.3927kd3S., 
Li M 


Each spring is then compressed under its test load in a testing 
machine, and the height accurately measured with the micrometer 
height gage. The springs are then ready for the fatigue test. 


Conpuct or FatiguE TEstT 


The machine used for the fatigue test should be of sturdy and 
rigid construction, so that the cyclic deflection impressed on the 
springs will be accurate and uniform. Speed should not be so 
high, nor the stroke so great, as to cause impact stresses. Geared 
presses of the type suitable for this work usually run about 40 to 
70 strokes per min, and the higher speed is not excessive for the 
purpose. A stroke of not more than twice the spring deflection is 
believed to be satisfactory. If possible, the machine should be 
equipped with a screw adjustment in the spring support, so that 
the rig can be accurately adjusted to give the desired deflection to 
the spring. 

To set up a spring for the test, the machine is turned over until 
the ram is at the lowest point of its stroke, and the screw adjust- 
ment manipulated until the distance between ram and spring sup- 
port corresponds to the “height under test load,” described in a 
previous section. The ram is then raised, the spring mounted on 
the support, which should be shouldered to position the spring 
centrally under the ram, the machine again turned over to its 
lower center, and the compressed height of the spring checked. 

The revolution counter is then set to zero or the initial reading 
recorded, and the test run started. The run on each spring should 
be as nearly continuous as is practicable. The machine on which 
recent Committee tests have been conducted is equipped with a 
photocell, which shuts down the machine when the spring breaks, 
so that practically no attention is required during the test run. 

Almost any helical spring, in the course of a fatigue test, will 
suffer a slight change in rate, particularly during the first few 
thousand cycles of stress. It is therefore recommended that the 
spring be removed from the fatigue machine and the height under 
test load remeasured, say, after 5000 cycles, and again after 10,000 
cycles, and finally after 25,000 cycles. At each of these stages, the 
machine should be reset to the new height reading; which, on the 
first recheck and usually on the second as well, will be a few 
thousandths under the previous figure. 

The test is then continued until the spring fails, or has run 
1,500,000 to 2,000,000 cycles. Usually no good purpose is served 
by any longer run than this; and with proper assignment of 
stresses, no more than one or two springs in the group need be 
run more than 1,000,000 cycles. 


ANALYSIS AND Report or Tusts 


The primary object of the test is to establish a complete 
“stress-endurance curve” for the material represented. Such a 
curve, in addition to its scientific interest, is of considerable prac- 
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TABLE 3 CALCULATION FOR PROBABLE S-N CURVE; GROUP E 
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CYCLES TO FAILURE 
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tical value to the spring industry. In many (perhaps most) 
spring applications, the design stress exceeds the endurance limit. 
This is often permissible because the failure of the spring does not 
constitute a catastrophe; therefore the consumer is interested in 
longest spring life per dollar of cost, rather than unlimited life 
regardless of cost. Therefore, the comparative life at stresses 
above the endurance limit becomes very important. 

Hence, the first step in analyzing the test results is to plot them 
graphically. It is customary to use a semilogarithmic cross- 
section chart for this purpose, plotting stresses as ordinates 
(Cartesian scale), and cycles to failure as abscissas (logarithmic 
scale). If the tests have been carefully planned and carried 
out, the results should give an indication of a smooth curve, which 
approaches a horizontal (stress) asymptote. The latter can 


aa 


EDGERTON—FATIGUE TESTING OF HOT-WOUND HELICAL COMPRESSION SPRINGS 


logically be interpreted as the endurance limit of the material 
tested. 

There is considerable evidence for the theory that the general 
stress-endurance curve for ferrous metals can be represented by 
an equation of the form 


(S — b)(N — a) =k 


where, S represents stress values and N values for number of 
cycles of stress before failure. Symbols 6 and a are, respectively, 


. horizontal and vertical asymptotes to the curve. 


A study made by the Committee has developed equations for 
the probable values of a and 6, in terms of the summed values of 
the S and N observations and functions thereof. The equations 
are conveniently stated in terms of the following intermediate 
values: 


A = 2NZS —n=NS 
B = ZNINS — n=N28S 
C = ZSINS — n=NS?2 
D = (ZN)? —n2ZN? 
E = (38)? —nzS? 


n being the number of pairs of observed values used in the summa- 
tions. The final equations are 


_ AB—CD 


— ak 
a= 3 eee 


A? — DE A 
& NS — azS — b=N + nab 


n 


k 


The derivation of these equations is given in full in the Ap- 
pendix of this paper. As an illustration of the method, the analy- 
sis for one group of springs (group #) tested by the Committee is 
shown in Table 3. Fig. 3 shows the graphical plot for the same 
group, and the probable stress-endurance curve. 


SpecraL Tests ON SPRINGS WITHHELD FRom FatiGuE TEstTs 


The details of tests made on these springs vary from time to 
time as particular problems of spring design are brought before 
the Committee and selected for examination. Typical of such 
problems are: 

Number of inactive coils in a helical compression spring. 

Eccentricity of effective loading in a helical compression spring. 

Obviously no definite recommendations can be made for the 
conduct of such special tests. 


SuPPLEMENTARY PuysicaL AND METALLURGICAL THSTS 


It will usually be desirable to make a fairly complete metal- 


. lurgical examination of the material, together with the usual 


physical tests. The following list should cover the ground quite 
thoroughly, and can sometimes be abridged more or less, de- 
pending upon the importance of the material under test. 

Already mentioned as preferably to be collected in advance of 
the fatigue tests are the following: 


(a) Heat history, covering melting and processing practice. 
(b) Chemical composition, including determinations on car- 
bon, manganese, phosphorus, sulphur, silicon, nickel, chromium, 
and any other alloys which are known or believed to be present. 

(c) Inspection of bars for surface defects. 

(d) File test for decarburization on finished springs. 

(e) Microexaminhation on samples from control coupons, at 
750 magnification, both transversely and longitudinally, for 
decarburization, nonmetallic inclusions, etc. Penetration- 
fracture tests; McQuaid-Ehn tests. 

(f) Magnaflux tests on the finished springs. 

(g) Hardness tests on control coupons. 

The following additional tests are made on suitable specimens 
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cut from control coupons which have accompanied the springs 
through the heat-treatment: 

(h) Tension test for the usual physical characteristics, to be 
conducted in substantial accordance with A.S.T.M. Specifications. 

(t) Torsion test for yield point, proportional limit and modu- 
lus of rigidity. 

(7) Impact test on both notched and unnotched specimens. 

(k) Rotating-beam endurance tests. 

It must be admitted that much of the data resulting from the 
foregoing tests cannot as yet be correlated with current results 
of the fatigue tests on the springs. It would seem that some 
correlation must eventually be found. If not, it would mean that 
we must go farther afield, in search of some physical tests or other 
indexes which bear a definite relation to the spring endurance. 

Back of the professed object of the endurance test lies the ulti- 
mate goal of defining the qualities in a spring steel which make 
for high endurance values in the springs. Bearing this in mind, 
the function of these miscellaneous tests, as a necessary part of 
the program, is apparent. 
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Vhe value of K can then be determined from (10). 


Discussion 


G. V. Pickweuu.2 The author has presented clearly and 
simply an accurate and positive method of establishing the rela- 
tive fatigue value of any steel suitable for use in this type of 
application. The following discussion is intended in no way to 
detract from the value of this method of procedure but, if pos- 
sible, to enhance the value of these tests from a practical stand- 
point. 

Preparation of Specimens. Care in the preparation of speci- 
mens for a laboratory test is always important, especially where 
any new material is to be compared, under the most favorable 
conditions, with other materials which have been tested under 
like conditions. However, the writer feels that it would be en- 
tirely too costly to handle production springs in the manner 
described by the author, especially, as pertaining to the method 
of grinding, compressing, repressing, and regrinding. 

Assuming then, that in the production of springs on a com- 
mercial basis, considerably less accuracy and care would be per- 
missible, it can safely be assumed that fatigue values obtainable 
would be somewhat lower than those resulting from the author’s 
methods. Allowances then, should be made in the use of results 
obtained by these methods. 

Effect of Creep in High-Pitch Springs. In the preparation of 
specimens, the procedure described by the author requires that 
springs be wound to various pitches, which results in various 
solid stresses. This procedure, as admitted by the author, has 
a “marked effect on the endurance” of the springs. Therefore, 
why not eliminate this variable either by testing all of the springs 
on a “not-pressed”’ basis in which the disturbing element of cold 
work would not be present, or winding them all to the same pitch 
before pressing, wherein the effect of cold work would be con- 
stant? Various test stresses could be produced by varying the 
stroke of the test machine or varying the number of active coils 
in the test specimens where a variable stroke is not available. 

Effect of Hysteresis. Hysteresis in a spring, as evidenced by 
the load-deflection curve, has a marked effect upon the accuracy 
and results of a fatigue test. This is especially true of a spring 
made with an extremely high pitch and subsequently subjected 
to cold working by compressing solid. It should be given some 
consideration here. The author mentions this phenomenon 
and suggests a method of compensating for it during the test 
but makes no recommendation for correcting it. The writer 
has found that “bluing” after pressing, i.e., drawing at 550 to 
600 F, for 30 min, has a very beneficial effect in reducing the 
hysteresis lag and change in load due to cold work. This should 
also help to eliminate the effect of these variables on the endur- 
ance of the specimens. 

Plotting Results. For a long time, it has been a recognized 


2 Spring Engineer, DeleasProducts Division of General Motors 
Corporation, Dayton, Ohio. 
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fact that most endurance-test results follow rather closely a 
logarithmic curve. The plotted results of such a test usually 
approximate a straight line on a graph of logarithmic values in 
both directions. The writer plotted the results of the example 
given by the author on full log-log paper and found that the 
points lie more nearly on a straight line than they do on the 
curve as plotted on semilog paper. Any radical departure 
from this straight line very definitely indicates a stress of infinite 
endurance. 

Incidentally, it indicates a lower endurance limit than that 
determined by the author’s method. This is because the curve 
should coincide more nearly with the minimum values obtained 
in the test rather than represent an average of all the values. 

Effect of Hardness. Another variable not recognized in this 
paper is the effect of final hardness of the steel on the fatigue 
life of the springs. Hardness will affect the endurance under 
load in at least two ways: 


1 The solid load stress, as pressed, will increase with increase 
im hardness. It is generally recognized that endurance limits 
rise in some proportion to rising physical properties. From 
this, it would appear that the maximum endurance limits could 
be obtained by hardening the springs to their maximum safe 
hardness. This is true within certain limits. The endurance 
limit, as determined experimentally and under ideal conditions, 
might be the highest obtainable in a spring of, say, 50 C Rockwell, 
yet the springs might be dangerously brittle under conditions of 
shock loading or “impact loading,’”’ as mentioned by the author. 
The fatigue life above the endurance-limit stress might also be 
much less than if a softer material were used. It is quite evident 
then, that extreme hardness should be avoided except where 
high stresses are necessary and very smooth operation is possible. 

2 Working in the opposite direction, the softer the steel is 
the more cold work it can stand, in pressing, without danger of 
breaking. This permits bringing into play a greater proportion 
of the cross-sectional area, hence a greater load-carrying ca- 
pacity with lower surface fiber stresses, as compared to a much 
harder material. The advantage of this set of conditions is that 
steel of inferior quality, as related to minor surface defects, 
scratches, decarburization, etc., may be used more safely than 
an extremely hard steel. 


Therefore, conditions of design and type of service will largely 
dictate the hardness requirements most suitable for each par- 
ticular application. 

If space is limited and working conditions are free from im- 
pact and shock, it might be advisable to use comparatively high 
hardness where necessary to impose higher stresses. Extra care in 
eliminating surface and other defects should then be exercised. 

If working conditions are more severe and ample space is 
provided, a lower hardness may be used and the springs given 
considerable cold work in pressing. This will require more ma- 
terial for the job but cheaper steel and cheaper manufacturing 
processes may be suitable. 


Cart Toumm.’ The lucidity with which the author presents 
the testing procedure and the method of calculating results will 
undoubtedly improve the situation of obtaining comparable 
data from different sources. 

The form of the S-N equation is such, that if N = a, S becomes 
infinite. This is obviously extrapolation carried to extremes and 
should be definitely guarded against. To be sure that there is no 
misunderstanding, the curve should properly be drawn with a 
horizontal section at the maximum-stress reading from 0 cycles 
up to the curved portion, as shown in Fig. 4 of this discussion. 

We agree with the author that the S-N data provide an oppor- 


3 Design Engineer, Power Circuit Breaker Division, Philadelphia 
Works, General Electric Company. Mem. A.S.M.E. 


EDGERTON—FATIGUE TESTING OF HOT-WOUND HELICAL COMPRESSION SPRINGS 
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tunity for balanced design. By its use it is possible to employ 
stresses higher than the endurance limit, which not only saves 
cost as stated, but reduces the space required. This may make 
a saving much more important than the difference in spring 
costs alone. Many applications to apparatus already designed 
or even in the hands of the user would be impossible if every 
factor reducing the space requirement were not employed. 
While the S-N curve supplies a derating factor which reduces 
the available stress as the number of operations increases, it is 
possible in many cases to improve this factor and, therefore, 
the space-cost efficiency, by taking advantage of the stress- 
range factor. This often makes it possible to use the highest 
stress with the highest number of cycles. In a large proportion 
of applications the spring is not used from its free length to its 
minimum usable compressed length, but starts with an initial 
load which in many cases is a large proportion of its final load, 
If P, is taken as the final load and P, the initial load, then the 
stress-range ratio R = (P2 — P:)/P2 When Pi = 90, the S-N 
curve described in the paper obtains. As P, increases, R decreases 
and S decreases. Fig. 5 of this discussion shows a family of 
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curves added to the original curve and plotted from data‘ ob- 
tained from a manufacturer of springs. To get the full benefit 
from S-N investigations, the code of procedure should be en- 
larged to call for testing for several values of initial spring 
compression. 


AUTHOR’s CLOSURE 


Mr. Pickwell’s comments are very pertinent, and bring out 
clearly some conditions which are well worth attention. Con- 
sidering them in detail: 

Preparation of Specimens. The writer disagrees with Mr. 
Pickwell’s remarks only to the extent that he does not believe 
the special care used in preparation and calibration of the speci- 
mens, and the conduct of the tests, would perceptibly increase the 
endurance values obtained, as compared with commercially 
made springs. What this special procedure accomplishes is the 
insurance of highly consistent and reproducible test results, of 
peculiar importance in plotting and interpreting an S-N diagram. 

Effect of Creep. Mr. Pickwell’s suggestions do not seem prac- 
tical. The trouble is that the endurance limit, for the type of 
springs tested at Wright Field, is 70,000 to 75,000 psi or more; 
and at “solid” stresses ranging upward from 80,000 to 85,000 
psi permanent set is noted, of magnitude increasing very rapidly 
as the solid stress increases. Therefore it is impossible to apply 
a graded series of fatigue-test stresses without encountering 
considerable permanent set in the more highly stressed springs. 

Then two courses are open: We could (a) coil all the springs 
alike, to develop a common (high) solid stress, or (b) follow the 
practice described in the Code. Procedure (0), being the one 
more nearly in accord with good design practice, is the recom- 
mendation. Procedure (a) would afford interesting comparisons; 
the S-N diagram would be quite different. Several isolated com- 
parisons, illustrating the point, were developed in the Wright 
Field tests. In every case, of two springs coiled to show different 
solid stress values but fatigue tested in a common stress range, the 
spring with the lower solid stress showed better endurance, in one 
case by a ratio of two to one. 

Effect of Hysteresis. Mr. Pickwell here opens up a fascinating 
subject. His statement as to the effect of “bluing,” i.e., a strain 
relief draw after testing, on the hysteresis loop, is quite correct. 
Some spring engineers are familiar with this phenomenon, but 
the only extensive discussion known to the writer is the article by 
L. E. Adams, the English authority, in the Carnegie Scholarship 
Memoirs for 1937. It includes a rather involved mathematical 
treatment, and quite a body of experimental results (on straight 
bars). 

A few fatigue tests made under the writer’s direction indicate 
that this strain-relief treatment does not materially improve 
the endurance. However, these results were not considered as 
conclusive. The method probably requires further development, 
and for this reason the writer made no reference to it in the Code. 

The other comments by Mr. Pickwell relate to specimen 
variables rather than to test procedure, and therefore are not 
within the scope of the paper. 

Mr. Thumim’s comments on extreme values represented by the 
S-N equations bring up a very interesting point. In the pre- 
liminary study as to the suitability of the formula 


(NE 7G) (SU) 


for representation of fatigue data on ferrous metals, the test 
data examined were logged values from rotating-beam tests of 
about ten steels, as reported by Professor Moore from his work 
at the University of Illinois Experiment Station. In every case 


4 This information is based on a large number of tests made by the 
Hunter Pressed Steel Company, Lansdale, Pa. 
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examined the value found for the constant a was negative, that 
is, the equations all predicted a finite stress for zero cycles. The 
individual stress values, in all but two cases, fell roughly about 
midway between the elastic limit and the ultimate tensile 
strength. In the two exceptions the values were about equal to 
the ultimate tensile. 

Now the curious point is, that with all the springs tested at 
Wright Field, the S-N equation for every group, with a single 
exception, worked out to a positive value for a, i.e., the predicted 
stress was infinite for a positive number of cycles. The exception 
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was a& group of springs coiled cold from cold-drawn steel, and 
the test results on this group were peculiar in some other 
respects. 

The writer would like to have someone offer a plausible ex- 
planation of this phenomenon. He himself will not attempt to 
do so, but will merely call attention to the fact that it is almost 
impossible to break a really well made compression spring by a 
static compression test. Under extreme test conditions the 
spring may take an enormous amount of permanent set, but it 
will almost never fail by fracture. 


Heat Transfer to Hydrogen-Nitrogen 
Mixtures Inside Tubes 


By A. P. COLBURN,! NEWARK, DEL., ann C. A. COGHLAN,? BEACON, N. Y. 


This paper gives results of experiments in which data 
were determined on heat transfer to air, to nitrogen, and 
to eight mixtures of hydrogen and nitrogen, ranging from 
8.85 to 98 per cent hydrogen, flowing inside a steam- 
jacketed tube, 0.5 in. inside diam and 48.75 in. long. The 


2/s 
data were well correlated when plotted as A coe 
CpG \ k 


DG C, 

versus ——, with the value eae ranging from 0.45 to 0.73. 
7 

The data checked heat-transfer data of Nusselt and showed 


deviation from friction analogies. 


NOMENCLATURE 
THE following nomenclature is used in the paper: 


C, = heat capacity of gas at constant pressure 
c = rate of collection of condensate, lb per hr 
D = inside diameter of tube 

f = friction factor in Fanning equation 

G = weight velocity of gas flow through tube 
h = gas-film coefficient of heat transfer 


; een Ne 
4 = heat-transfer factor = 0,6 ( a) 


k = thermal conductivity of gas 

qd, = heat of condensation = 970(¢ — 0.0258), Btu per hr 
da = heat gained by gas = wC,(t, — h), Btu per hr 

t; = inlet temperature of gas, F 

t, = exit temperature of gas, F 

ts = steam temperature, F 

w = rate of air flow, lb per hr 

uw = viscosity of gas 


¢@ = function 
@ 
Prandtl’s number = a 
Reynolds’ number = — 
b 


PurRpPoOsE OF INVESTIGATION 


Heat transfer to mixtures of hydrogen and nitrogen is becoming 
of increasing importance because large amounts of such mixtures 
are being processed in the manufacture of ammonia, and be- 
cause of the use of hydrogen and hydrogen mixtures as the 
cooling media in rotating electrical machines. Furthermore, the 
properties of gas mixtures containing hydrogen vary greatly from 
the ideal-mixture rule; and there is a good basis for doubt whether 
heat-transfer formulas, derived from single gases, can be applied 
to such mixtures. At the same time, the variation in properties 
suggests the possibility of verifying or disproving the equations 
in common use for the calculation of heat transfer. It was the 


1 Associate Professor of Chemical Engineering, University of Dela- 
ware. 

2 Chemical Engineer, The Texas Company. 

Contributed by the Heat Transfer Professional Group, and pre- 
sented at the Annual Meeting, New York, N. Y., December 2-6, 
1940, of Tum American Soctpty or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


purpose of this investigation, therefore, to obtain data on heat 
transfer to hydrogen-nitrogen mixtures and to use the results to 
study various heat-transfer formulas. 

This problem was attacked by Brunot (1)? who was particu- 
larly interested in hydrogen used to cool electrical machinery. 
He tested a commercial air cooler of the extended-surface type, 
using a mixture of 8.22 per cent nitogren in hydrogen, as well as 
air. From the results on air, values were predicted for the 
mixture, using proper values of properties for the mixture, and 
good agreement was shown with the experimental results. Bru- 
not made an extensive review of data on the physical properties of 
hydrogen mixtures from the literature and his results are given 
in Figs. 1 and 2. 
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Fic. 2 Pranpti’s NuMBER AS A FUNCTION OF COMPOSITION FOR 
HyproGEn-Nirrocen Mixturses, From Brunot (1) 


The property of chief interest is the Prandtl number, C,u/k. 
The value of this number for pure hydrogen and for pure nitrogen 
is practically the same 0.78. For mixtures of these gases, the 
Prandtl number is less than for the pure components, having a 
minimum value of 0.45 at about 70 per cent hydrogen. Most 
heat-transfer formulas, which have been generalized to hold for 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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both gases and liquids, include the Prandtl number. For gas 


mixtures, however, one might question whether the proper value 
to use is the Prandtl number of the mixture or some combination 
of the Prandtl numbers of the pure components. 

If the Prandtl number of the gas mixture is the proper value to 
use in heat-transfer formulas, then data covering a range of 
values of this number from 0.73 to 0.45 might make possible a 
selection of the best type of formula. Chilton (2) has shown a 
convenient comparison of the exponential-type relation with the 
theoretical relations of Prandtl (3) and of von Kdérmén (4). 
These relations are different in the range of Prandtl numbers 
covered by these mixtures, and so the results should prove of 
great interest in testing these equations. 


Deraits or Apparatus Usep 


The apparatus chosen for this investigation was of the gas-in- 
tubes type, inasmuch as it was felt that the most reliable results 
could be obtained in such an apparatus. A stainless-steel tube 
was used so that there would be no corrosion and change of sur- 
face conditions, and also because the low thermal conductivity 
of stainless steel would minimize heat conduction through the 
ends of the apparatus. At the same time the thermal conductiv- 
ity is sufficiently great to make the thermal resistance of the tube 
negligible for the transfer of heat tothe gas. The tube was steam- 
jacketed, the outer cylinder being glass so that the type of con- 
densation on the tube could be observed. The condensate from 
the tube was collected in a trough located inside the steam space 
and led outside the apparatus. The condensate on the glass 
jacket, resulting from radiation losses, was drained separately 
and discarded. This arrangement was made in the attempt to 
obtain good heat balances. Atmospheric steam was supplied to 
the jacket, and some steam was continuously vented at both ends 
of the jacket to insure that no air would collect. The steam-inlet 
pipe to the jacket is 1 in. diam and is located below the trough. 
These conditions permit a very low steam velocity into the ex- 
changer and at an elevation such that any moisture in the steam 
would not be carried into the trough in which the condensate 
from the tube collects. 


TABLE 1 DIMENSIONS OF TEST SECTION 


Stainless-steel tube Inches 
(RNS CLONE ee oni Gee oOene AOC CONC aS aCen Ding 0.50 
OTERIC ERAGON Nae criers: cin TaerA Short unleiafe crete Te aiereta cvsiters a6 0.63 
RL OUHMVOM eT eth ara fe fidars Galsraps a/R crepe aki, sida Rete. wus Sratdloderscays, <0 142.75 
EVGA TCCUlON g CLUr Ue talsta) tar xa iforaceyshetokenate iste ie snalsrclacars ors .sroiee 48.75 
Hength Of calming section. .: 2 ccc cece srace ceive cee sees 87.25 
Unheated length at outlet end ..2. 0. ieee ce ce eens 6.75 
Distance between pressure tapS.........-.se se eeeecees 52.50 


The arrangement of the apparatus is shown in Fig. 3. A small 
blower was used to recirculate the gas, and coolers were inserted 
before and after the blower to bring the gas to room temperature 
at the entrance of the test apparatus. The rate of flow of the gas 
was measured by an orifice meter constructed with throat taps, 
according to the specifications of the Fluid Meters Report. 
The metering tube was 2 in. diam, and orifices used were of 0.375, 
and 0.255 in. diam, These were calibrated on air, using a cali- 
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brated gas-meter prover, and the coefficient was found to be 0.61. 
Dimensions of the test section are given in Table 1. 

The glass steam jacket was supported by laminated-bakelite 
flanges, shown in Figs. 4 and 5, at the ends of the heated section, 
drawn together by tie rods outside the glass jacket. These 
flanges were made tight to the stainless-steel tube by packing 
glands. Owing to the low thermal conductivity of these flanges, 
very little heat could be conducted to the tube beyond the inside 
surfaces of the flanges. 

The heat, given up by the steam in heating the gas, was deter- 
mined by measuring the condensate collecting in the trough and 
draining through the sight glass at constant level. This amount 
was corrected for the small amount of liquid collecting on the 
flanges above the trough, and for the small heat loss from the 
sight glass; this correction was determined by blank runs when no 
gas was flowing, and was found to be 0.0258 lb per hr. 


TEMPERATURE DETERMINATION 


The temperatures were determined as follows: The inlet-gas 
temperature was measured by a calibrated thermometer at the 
entrance to the calming section. This temperature was adjusted 
by the coolers to be identical with the room temperature adjacent 
to the calming section, so that no increase or decrease in the tem- 
perature of the gas would take place before it reached the heated 
portion of the tube. The outlet temperature was measured with 
a special thermocouple, shown in Fig. 6, which was constructed 
to minimize radiation errors and to insure good mixing of the gas 
before the thermocouple. It was made so that it could be slid 
out of the way when pressure drops were measured. The alu- 
minum tube K acted as a radiation shield. The mixing device L 
consisted of two ‘‘doughnuts” and one disk of copper held in 
place by being soldered to copper wires. This mixer was then 
painted with a thermosetting bakelite varnish and cured, in order 
to minimize heat conduction from the tube. Laminated-bakelite 
spacers M kept the thermocouple centered. The steam tempera- 
ture was also measured with a thermocouple in the jacket, and 
checked against barometric pressure. 

Commercial hydrogen and nitrogen were used, and the com- 
position of the mixture was determined immediately following a 
series of runs by means of a Bureau of Mines apparatus. Al- 
though a special packing gland was built onto the blower, there 
was a slight leak at that point, and a small amount of air would 
leak into the apparatus. This was determined by analyzing the 
mixture for oxygen. This amount, less than 1 per cent, was calcu- 
lated as nitrogen. The gas pressure in the system was essentially 
atmospheric. Actually, enough gas to cause a slight pressure 
was supplied to the system at the beginning of a run. This 
pressure soon dropped until atmospheric pressure prevailed at the 
stuffing box of the blower. 


ReEsutts OF EXPERIMENTS 


The principal results of this investigation are given in Table 2 
and in Figs. 7 to 12. The reliability of the data is measured by 
the heat balances, the deviations from which are given by the 
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column of data (q¢q, — dg)/dg. In most cases, this deviation 
is much less than 10 per cent. The quantity q, is calculated from 
the rate of condensation c, corrected for the blank run, or (c 
— 0.0258) lb per hr, and the latent heat of steam at atmospheric 
pressure, 970 Btu per lb. The quantity gg is calculated from the 
rate of flow of the gas, the temperature rise, and the specific heat 
of the mixture. The latter value was taken from Fig. 1 for the 
given mixture at 70 F, and corrected for the slight change with 
temperature to the average of inlet and outlet temperatures of 
the gas. The over-all heat-transfer coefficient was used as the 
gas-film value, inasmuch as the steam resistance was negligible 
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(condensation being dropwise) and the tube resistance was 
negligible. The logarithmic-mean temperature difference was 
employed in all runs for uniformity, although some of the runs 
are in the viscous region. 

As a check on the apparatus, isothermal-friction data on air 
and heat-transfer data on air are shown in Fig. 7. On all data 
plots, the solid line is the friction line for smooth pipes as found by 
Drew, Koo, and McAdams (5), and the dashed line is a heat- 
transfer line, plotted according to Equation [1], representing the 
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TABLE 2 EXPERIMENTA ais 
a NTAL DATA AND CALCULATED RESULTS data of Nusselt (6, 7) The friction data are 
ior eet ead ty - ; Ae ce eee q.- j ae shown in Fig. 7 to be in excellent agreement 
F F RS hr hr Ig — with the literature. In order to check a pos- 
x 100 Ie sible effect of the blower in recirculating the 
A 1 air* 74.4 190 4 ail. 8 0.213 6.49 0.0 0.00388 3800 gases, heat-transfer data on air were obtained 
2 : : Ome nO)22 (ams O0, +1.0 0.00386 4490 by using both air from the compressed-air 
75.0 189.0 211.8 0.311 9.90 so WR I 0.00373 5820 : . i 
‘ cee TEV) SIBLE! janis sets 40.2 0.00355 7300 line in the laboratory (where fluctuations 
eB Bane ioe sotee pate 1B. pe era o-poas 9050 _—_—had been well smoothed out by a surge tank 
: = a : ; Oot 20250 and some 100 ft of pipe) and air recirculated 
. Air oe ee ze oat) mae ae 0.00378 3050 by the blower. There is no appreciable 
3 WA Giese owelinG 0.461 b.c9. 4 5.8 eeesee ore difference in the results as will be seen 
' aoe pak ae gore ae —0.4 0.00358 5640 from Fig. 7, and, furthermore, the data are 
6 ck Seine aie to meee ea mie Go pnee Bion seen to be in excellent agreement with those 
2 74.8 188.7 211.0 0.433 15.10 +0.9 0.00337 gsoo —«Of'“: Nusselt. 
75.8 182.2 211.0 0.429 16.21 —- 6.4 0.00323 95) i i 
9 74.7 181.2 211.3 0.526 18.40 bese Goeotie Sar A plot of data on pure nitogen, shown in 
0 a 180 s ae 0.533 19.10 0.0 0.00313 11200 Fig. 8, is practically identical with that of the 
° : : 0.595 21.90 + 1.3 0.00300 12800 data on air shown in the previous figure. In 
Ny Z Ng i Teese a eee oe + 5.0 0.00378: 4050 calculating Reynolds’ numbers, values of vis- 
3 Seagbicn, co oho en orate gies in eae aces eu cosity were obtained from Fig. 1 and then 
: ote: ae Dillons mOnaGultees = 0.7 0.00346 7160 corrected to the mean gas temperature in 
) x cohe ie et Sige pee eee i pee eee ieee the tube, the latter correction meaning an 
7 72.0 179.2 212.8 0.654 33.70 -~0.2 0.00298 wees increase in the value of viscosity by about 10 
| =8Di1 8.85% 174.5 192.0 211.1 0.285 7.81 -1.2 0.00372 per cent. 
) 2 Hp 74-5 190.6 211.1 0.383 9.91  — 2.3 0100389 «S10 Data on mixtures of hydrogen and nitrogen 
ey aeiiacs weal ah Wolae (els Gikyaty, + 4.3 0.00339 8640 are shown in Figs. 8 to 12. In calculating the 
4 74.3 186.4 BL zd 0.529 15.80 (Olas) 0.00324 10360 ; 
5 Pav ieia5 ss | ellen O8sos) 1a cet Sone 0.00315 11950 ordinates for these plots, values of the Prandtl 
> ees ee ZBL SUS Hokie selowgalls’ + 1.8 0.00304 12240 number for the mixtures were taken from 
-3 82.8 ello QO. 713 “82.077 +1.9 0.00297 14480 Fig. oP For these gases, the value of Pran- 
El 28.64 74.8 197.8 212.0 0.388 6.98 +3.8 0.00378 4649 _—dtl’s numberis practically independent of pres- 
| 2 Howeevo-Oel05.4 20s'0! 10.4511" "9:93 + 1.8 0.00352 6650 
. ° . . . . . re) rn 
| . Piminios eo ala out oecs ib inios eee Baas EAEo sure and temperature over moderate ranges, 
4 75.2 192.0 212.0 0.628 14.40 +2.6 0.00321 9660. _—«80 that the values given in Fig. 2 for 70 F could 
| 5 74.8 19086) 213.0 0.755 17258 fae 0.00311 11790 be satisf ily used fo 
| 6 73.2 189.8 212.0 0.803 18.88 +12) 1 (On 00805 12670 us RenOr rai s thee remperablres 
encountered in these experiments. The close 
: 2 oe (2-8 ee er eee ee os A ee eed agreement of the results in Figs. 8 to 12, 
| 3 72.3 195.6 212.0 0.552 10.90 -0.4 0.00346 7499 With the previously plotted data on air, and 
: ae oe 08 pe ore ae - Aa Gon ced ce with the line representing the Nusselt air 
° ° . 2 0 - = . . ) le) 7 7 
| 6 BreuEiOl 6 215004 8 O1044...16.50 ult) . Ocoogis 11610 data, is proof that the proper value to 
| end use in calculating heat transfer for mixtures 
a ie Wm ea te sk ae. ee eee 2393 _is the value of the Prandtl number of the 
' 3 73.6 qoele 3 ln I oe Co mS KOZ - 6.6 0.00350 7430 mixture. 
: ee 194.0 eae ge oe te = 3 : - a oes eae As final indication of the necessity of includ- 
6 73.6 195-2 211.5 0.920 16.46 +5.6 0.00319 11420 ing this factor, Fig. 12 shows h/(C,G@) plotted 
tf 73.4 ° 211.3 1.006 17.94 senefants 0.00308 12450 versus Reynolds’ number. The strong diverg- 
H1 55% 72.8 19166 212.0 0.263 3.64 +4.7 0.00293 2620 ence of the lines for the different mixtures 
4 He gore ie aps eee oe = ee pee 3720 proves the importance of the Prandtl number 
| 7 71.1 199-0 237373 Siete 7" 40 Y 0.3 OBOE asap of the mixture in bringing the results into 
; . 7.6 Bete 211.3 0.656 9.04 +5.0 0.00358 6520 agreement. 
) -0 .: 211.5 0.722 10.38 + 28.3 0.00341 7470 
| 7 72.90 195*2 311.8 0.833 12.15 +2.6 0.00326 8750 The Hse . the pee ae a be 
shown, from the results in Fig. 12, to be at 
We Tl. 66.6% 73.7 20066 % : : - 4.4 0037 paar 
2 Bee 72.9 19202 oS ses reeks i ae Oa eas nee least as important as the 2/s power, as often 
| 3 ees eee 213.0 ode 3. eS - i 3 oe 3600 used in the exponential formula 
| : C 208 On750 -67 — 7%, ; 4430 
: 5 71.4 1978 312.0 0.955 588  —-0.4 0.00341 5580 
2/3 
fy D1 94.4%) 71.4 296¢8 311.5 90.331 421.30 = 7.0 0.00408 1445 h (Cp) _ (26 (1 
Bameiamnie.bel Coes a alibouOni5o 1.84 (— 38.4.  Oxo0s0r 2030 ES ON cna 
3 72.1 tees 2la.5 0.558 3.29 —-1.4 0.00297 2525 CoG \ k a 
4 ve ere) 194.2 211.5 0.670 2.67 - 3.7 0.00347 2940 
} 5 71.4 211.5 0.885 2.84 —~ 8.6 0.00358 5120 In the range of values of Prandtl’s number 
Kl 98% 71.6 ee Alay? Ose Th ale -10.3 0.00392 1317 between 0.45 and 0.7, the Prandtl equation 
‘ Hg te ewe ae pase ie = nie ose aoe would predict about one half this effect, and 
P 4 73.6 160e€ \ 211.5 0.724 2.21 -5.6 0.00356 2641 the von Karm4n equation something in be- 
| 6 12.7 yong \etis® 0-889 2.47 — 4.1 0.00370 2961 tween as shown by Chilton (2). While these 
6 72.8 211.5 0.918 2.728 — 6.0 0.00371 3330 


results in themselves may not be sufficient to 
disprove these latter two equations, they are 
ee oe coneresacs et at least indications that the simple exponen- 
xuAir recirculated by blower. tial type is more satisfactory for gas mixtures 
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than the more theoretical ones, and suggest that further im- 
provements in the theory are possible. 


These data also verify the Nusselt data on gases in showing a 
deviation from the analogy between fluid friction and heat trans- 
fer. If this analogy (7) held, the heat-transfer and friction lines on 
the plots would be coincident in the turbulent region. At low 
Reynolds’ numbers, the divergence may possibly be explained by 
the presence of a greater “dip” region for heat transfer between 
viscous and turbulent flow than for friction. However, in the 
strong turbulent region, the heat-transfer factors are still a good 
10 per cent below the friction factors. Above a Reynolds number 
of 10,000 the slope of the line representing the heat-transfer data is 
—0.2 but at lower Reynolds’ numbers this slope becomes zero 
and then of opposite direction in the “dip” region. 


There are a few results for the mixtures in the region of viscous 
flow, and while these seem to bear out the general shape of 
curves in the “dip” region and in the viscous region, there are not 
sufficient data to draw definite conclusions, other than that the 
Prandtl number appears as calculated. 


While the results of this study, together with those of Brunot 
(1), appear to prove that the Prandtl number applies for gases 
according to Equation [1], they show that further study of the 
analogies between fluid friction and heat transfer is highly de- 
sirable. 
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Discussion 


R. H. Norris.‘ It is of interest to compare the authors’ test re- 
sults for the region of viscous flow with theoretical results, even 
though, as the authors admit, their test data in this region are too 
scanty to be conclusive. 


Fig. 13 of this discussion shows points representing the authors’ 
test results compared with curves evaluated from a recently 
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published’ correlation of theoretical results, using the logarithmic- 
mean temperature difference basis. When the empirical correc- 
tion proposed by Colburn (7) for free convection is included, and 
the possible range of error of the test results indicated by the heat- 
balance discrepancy is allowed for, the agreement between test 
and theory is reasonably good (of the order of 10 per cent), below 
Reynolds’ number of 2200. For higher Reynolds’ numbers, 
transition to turbulent flow has presumably begun. The fact 
that the test values somewhat exceed the theoretical values may 
indicate that the correction for free convection here applied to the 
latter is not quite sufficient, or that the flow is not completely 
laminar. 


‘General Engineering Laboratory, General Electric Company, 
Schenectady, N. Y. Jun. A.S.M.E. 

5 “Laminar-Flow Heat-Transfer Coefficients for Ducts,’”’ by R. H. 
Norris and D. D. Streid, Trans. A.S.M.E,, vol. 62, August, 1940, pp. 
525-533. 


. 


Electric-Slip Couplings for Use 
With Diesel Engines 


' By A. D. ANDRIOLA,! GROTON, CONN. 


The fact that, in the last 12 months, at least twenty 
Diesel-driven vessels have been equipped with electro- 
magnetic-slip couplings in this country indicates its value 
for ship-propulsion purposes. This paper explains the 
functions of the device as (1) to reduce torque-variation 
intensity at the reduction gears, and (2) to permit two or 
more engines to be rapidly coupled and uncoupled to and 
from the gearing to a common propeller shaft. Elements 
of the system are described and theoretical principles of 
the mechanism are analyzed. A brief comparison is given 
of the electric-slip coupling with the hydraulic system. 
The paper concludes with mention of additional applica- 
tions in conjunction with internal-combustion engines. 


HE progress made in Diesel-engine design, in terms of 

reduced specific weight and size, has been achieved mainly 

by substantial increases in rotative speed, working pressure, 
and number of cylinders per unit. This trend has brought to 
the fore many important problems. Not the least of these is 
that of dealing satisfactorily with torsional vibration. 

In marine installations, especially, two factors combine to 
make this a problem of major importance: (1) The operating 
range extends over a large portion of the span from zero to 
maximum speed. (2) Efficient propeller speeds are such as to 
require a speed-reducing device when high-speed engines are 
used. Mechanical gearing is preferred because of the attendant 
economy, simplicity, and efficiency, as compared to other types. 
Experience, however, shows susceptibility to wear and failure, 
unless proper precautions are taken to limit vibration transmis- 
sion from the engine to the gearing. In special cases, these 
difficulties have been entirely obviated by the adoption of the 
Diesel-electric system of propulsion. This alternative involves 
a substantially higher first cost and a lower over-all efficiency 
and does not recommend itself to wide commercial usage. In 
this connection, therefore, the recent use of electric couplings in 
geared-marine-Diesel installations is of considerable interest. 


FUNCTIONS OF ELECTRIC COUPLING 


Briefly, the electric coupling is a device for transmitting torque 
electromagnetically across an air gap, there being no mechanical 
connection between the coupling halves. Units of widely differ- 
ent characteristics have been developed for various uses, but the 
type which is being applied to marine service utilizes induction- 
motor principles and is termed the electric-slip coupling. 

The idea of transmitting torque through an air gap is not new. 
As early as 1921, a coupling of this type intended for marine 
use was built and tested by Sperry,?, but apparently was never 
put into service. The first commercial application recorded is 
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2“Compounding the Combustion Engine,’’ by E. A. Sperry, 
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that made by the Swedish firm, Allmanna Svenska Elektriska 
Aktiebolaget, or A.S.E.A., in a pilot-boat installation in 1935. 
Use of the coupling on a large-scale basis has since proceeded 
steadily. In this country alone, at least twenty vessels, totaling 
48 units, were equipped last year. Credit for the particular 
embodiment of the marine type of coupling is also shared by the 
Westinghouse and Elliott Companies, whose engineers were 
working along identical lines at the same time as A.S.E.A. 

The primary functions of the device are (1) to reduce torque- 
variation intensity at the gears, and (2) to permit two or more 
engines to be rapidly coupled and uncoupled to and from the 
gearing to a common propeller shaft. Several typical arrange- 
ments are shown in Fig. 1. Incidental to these uses, other im- 
portant advantages are simultaneously obtained in the way of 
power flexibility and vessel maneuverability, closely approxi- 
mating those of the Diesel-electric drive. These have been 
discussed in part by Metz and Ericson? and are of sufficient im- 
portance to warrant restatement here; these are as follows: 


1 Increased reliability of the plant is achieved by the use of 
a multiple-engined arrangement. 

2 Any one unit may be shut down for repairs without stopping 
the vessel. : 

3 Economic cruising at partial speeds is possible by operating 
only a portion of the available units. 

4 'The engines may be conveniently warmed up at the dock 
prior to vessel departure. | 

5 Maneuvering in close waters or during docking can be fa- 
cilitated by operating some of the engines in the ahead direction 
and the remainder astern. The coupling between gearing and 
either set of units can be rapidly made or broken by means of a 
simple switch. An appreciable saving in starting air is thereby 
also effected. 

6 When reversing, as in an emergency, there is no need to 
wait until the inertia of the entire system is dissipated. Instead, 
the engines may be uncoupled, reversed, and torque applied to 
the propeller shaft while the latter is still turning in the ahead 
direction. The coupling is therefore capable of braking effect. 


An earlier analysis? of coupling-torque transmission under 
vibratory conditions indicates that the action was not completely 
understood. Nevertheless, the operating experience accumu- 
lated since establishes the coupling as very well suited to the 
requirements of Diesel geared drives. It has also indicated 
other applications in which the coupling characteristics may prove 
advantageous either as a vibration controller or as a clutch, or 
both. 


ELEMENTS OF ELECTROMAGNETIC COUPLING 


Fig. 2 shows the main components of the coupling in ele- 
mentary form. The unit consists of two concentric rotors, a 
set of slip rings and brushes, an external source of direct-current 
supply, and a control panel. One rotor is a multipole-magnet 
ring with individual poles energized from the slip rings mounted 
on the supporting shaft. The second rotor comprises a short- 


3Blectromagnetic Slip Couplings for Use With Geared Diesel 
Engines for Ship Propulsion,’ by G. L. E. Metz and N. Ericson, 
Trans. Institute of Marine Engineers, vol. 49, 1937-1938, pp. 
237-248. 
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ELECTRIC SLIP CouPUNG 


circuited winding of the squirrel-cage type. As illustrated in 
Fig. 2, the pole ring is shown on the outer rotor, but the position 
of the windings may be reversed without affecting the action of 
the coupling. Both arrangements have been used in practice. 
From a structural standpoint, the short-circuited winding is 
inherently the more rugged of the two and should preferably be 
used as the driving rotor. Of the two arrangements, the latter 
- = results in a higher natural frequency of the engine system; this 
is generally desirable from a vibration point of view. Irrespec- 
(by tive of position, the pole ring and the short-circuited member 
are termed the “primary” and “secondary” windings, respec- 
tively, to denote the magnetic path. 

Torque transmission across rotors occurs electromagnetically. 
If the primary is energized, relative rotation of the two members 
causes the secondary conductors to cut across a magnetic field 
of alternating polarity. The currents thereby induced set up an 
interrotor torque, tending to rotate the driven portion in the 
direction of the driving rotor. It is clear that the two members 
Fie. 1 Typrca Insraniations or Evxcrric-Suip CourLines TO gan never rotate at the same speed for, without relative rotation, 

GeAnap Manina-Disnn PRorutston Srerum or slip, torque cannot be induced. Under normal conditions, 
however, slip is an extremely small percentage of the driving 
PRIMARY ROTOR speed. At full load, for example, its magnitude is about 1 per 
cent and torque-transmission efficiency is consequently high, A 
set of typical slip-torque-coupling characteristics for full and 
partial excitation values is shown in Fig. 3. Interrotor torque 
varies from a linear function of slip at very low slip speeds to a 
maximum at from 7 to 10 per cent slip. Beyond this point, the 
coupling characteristic is definitely unstable and application of 
torque, in excess of the maximum shown, results in stalling. For 
proper operation, the coupling must be designed so that the 
stalling torque is substantially above that to be transmitted. 

With Diesel engines, the normal torque variation at rated 

load may approach +100 per cent, depending upon the number 
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Under very rapid torque variation, electrical effects momen- 
tarily increase the stalling point to about 300 per cent of rated 
capacity, further reducing the chance of instability under average 
driving conditions. The stalling feature of the coupling, however, 
is desirable since the maximum shafting stress can thus be held 
to a predetermined limit. This is especially true of systems 
subject to seizure on the driven portion of the system. In 
marine installations, a suddenly fouled propeller would constitute 
such a seizure. The stress imposed on the engine members under 
such conditions might conceivably cause failure in a mechani- 
cally integral system. 

The induced-coupling torque depends only upon the actual slip 
between rotors, i.e., it is independent of engine speed. Conse- 
quently, at starting or low-speed conditions, the total torque 
which can be developed at the engine is available for load pick-up. 
Torque-slip curves for partial speeds are shown in Fig. 4; the 
increase in torque at 100 per cent slip with decrease in engine 
speed is clearly indicated. 


Construction SmiLar TO SqurrREL-Cace Motor 


The similarity between the coupling and the short-circuited 
squirrel-cage induction motor, as regards the general construc- 
tion, electromagnetic action, and slip-torque characteristics, is 
readily apparent. In fact the two units may be said to be prac- 
tically identical except as to the means used to obtain a rotating 
flux. In the three-phase alternating-current induction motor, 
for example, three-phase alternating current is supplied to the 
stator windings and produces a rotating flux with a speed de- 
pendent upon the supply frequency and the number of poles. 
In the electric-slip coupling, this is accomplished by mechanical 
rotation of a direct-current excited-pole ring and the flux speed 
is equal to the mechanical speed of the primary rotor. Other- 
wise, the basic electrical considerations are the same for both 
units. 

Noticeable deviations from usual induction-motor practice are 
of a constructional nature and are dictated by mechanical con- 


siderations which the induction motor is not required to satisfy. 
These pertain to the method of rotor support, which has been 
previously described as mechanically separated. Actually, the 
two rotors are overhung on their respective shafts, a pilot bearing 
being purposely omitted to accommodate a certain degree of 
misalignment between the driving and driven portions of the 
system. This construction requires use of an air gap appre- 
ciably larger than for the induction motor. A.S.H.A. couplings 
employ air gaps of 0.2 to 0.4 in., depending upon the rated ¢a- 
pacity of the coupling. Compared with induction-motor prac- 
tice of air gap = 0.15 ~/KW the gap for a 1000-hp coupling is 
about 4 times as large as that for a motor of identical capacity. 
The reluctance of the magnetic path is largely that of the air gap, 
and thus for equal flux densities the coupling requires a propor- 
tionately larger excitation energy. Nevertheless, excitation 
loss in the coupling does not exceed 1 to 2 per cent of the rated 
capacity. Over-all transmission efficiency, accounting for both 
slip and excitation losses, is approximately 97 per cent. The 
overhung-rotor construction, however, does introduce a me- 
chanical problem of some importance. When the two rotors 
are displaced from the concentric position, the resultant eccen- 
tricity is accompanied by a proportional unbalanced radial pull 
in the direction of the smaller air gap. If unrestricted, this force 
would ultimately result in mechanical contact of the two rotors 
accompanied by magnetic locking. To avoid this effect, it is 
only necessary to design the supporting shafts so that the load- 
deflection characteristic is steeper than the unbalanced pull- 
eccentricity relation of the rotors. 

Cooling requirements are met in a manner similar to that 
employed for motors. For this purpose a radial-bladed fan is 
built into the outer rotor at its extreme edge as shown in Fig. 2. 
Openings in the end flange of this same member provide a natural 
flow path for air over both windings. The effectiveness of the 
arrangement is a function of coupling speed. No difficulty, 
however, is encountered even when reasonably long sustained 
periods of operation at low speeds is a requirement, since the 
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excitation current is normally reduced with correspondingly less 
heat to be dissipated. 


Meruop or Courtine Conrrou 


Coupling control under operating conditions is quite simple. 
The coupling is made or broken instantaneously by operation of 
a switch located at the engine control board. Thus, both engine 
and coupling are operated by the engine attendant. N ormally, 
the excitation circuit is kept closed and the engines handled 
exactly as in a direct-connected installation. During docking 
or channel maneuvering, the engines may be left running and the 
propeller shaft controlled by means of the excitation switch. 
Where several units drive a common shaft, the load must be 
divided equally among the engines, i.e., the slip at. each coupling 
must be the same. This latter quantity is measured by a simple 
stroboscopic arrangement and the necessary adjustment then 
made by variation of the fuel supply. The stroboscope con- 
sists of two concentric bands with a number of equally spaced 
holes drilled in their peripheries. One band is carried on each 
of the two coupling rotors. The relative rotational movement 
can be clearly seen when a light source is placed within the inner 
band; measurement is then accurately made by a stop watch. 

Two years ago, the author had the opportunity to observe the 
operation of two A.S.E.A. couplings during a trip of several days’ 
duration aboard the Swedish motor vessel Astri. No occasion 
arose for an emergency-speed reversal, but all other normal 
maneuvers at docking and in free route were carried out. Changes 
or reversals in speed were rapidly made without signs of shock or 
lag between engine and propeller speeds. Some of these opera- 
tions were timed and may be of interest; the interval measured 
was that from the initial telegraph bell to the moment the 
propeller shaft reached speed, and includes the time taken by 
the attendant to reset the telegraph prior to adjusting the 
engine throttle. Incidentally, the excitation circuit was kept 
closed at all times. The values follow: 


From To Time, sec 
Stop 1/2 Speed ahead 10 

1/, Speed ahead Stop 10 
Stop 1/, Speed astern 14 


These times represent average performance. 

When a wide operating speed range, of the order of 3 to 1, is 
used, the excitation current is usually reduced for low-speed 
operation. This is done by means of an additional resistance 
placed in series with the excitation circuit. By such control, 
the efficiency of the coupling can be held approximately to a 
constant value over the entire operating range. 


VIBRATORY CHARACTERISTICS OF COUPLING 


The slip-torque characteristics previously discussed are those 
which obtain under conditions of uniform driving torque. Ac- 
tually, the torque delivered by the Diesel engine is periodic in 
nature and may contain large variations from the mean value. 
The net motion at the driving rotor is a combination of har- 
monic motions of differing frequencies superposed upon a uniform 
rotation. Tests, conducted on early installations, showed a 
marked suppression of oscillating motion across the coupling and 
the action was interpreted as equivalent to that of a viscous-fluid 
device. Recent experimental and analytical data, however, 
show that the electrical effects which obtain under vibratory 
conditions give rise to both elastic and damping components of 
torque within the coupling. This effect was first brought to the 
author’s attention by G. J. Dashefsky of the New York Navy 
Yard, who noticed the characteristic during tests conducted on 
a coupling furnished by the Westinghouse Company. Model 
tests recently made available by the A.S.E.A. to the Electric 
Boat Company and tests’ on a full-size coupling made at the 
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latter plant confirm Dashefsky’s observations. A mathematical ! 
analysis has also been developed by two members of the A.S.E.A. 
staff, Dr. Dreyfus and H. Arnemo, and is given in the Appendix. 
Velues computed on this basis agreed closely with those obtained — 
experimentally on the model coupling; these tests incidentally 
covered a vibratory range from zero to 20 cycles per sec frequency 
at the driving rotor. Since the preparation of this paper, a 
similar mathematical analysis was presented to the American 
Institute of Electrical Engineers (A.I.E.E.) by Lory, Kilgore, 
and Baudry.t This approach differs from that of A.S.E. A, 
and, since a check of results is afforded, no duplication is involved 
in presentation of the latter. 


FREQUENCY RANGE 


The frequency range of practical interest is considerably higher 
than that covered in the model-coupling tests. Calculations for 
an 850-hp 460-rpm coupling have been made by the author up 
to a value of 100 cycles per sec. This corresponds to a natural 
frequency of 6000 vibrations per min and covers in general all 
critical speeds of practical interest in marine drives. The 
computed values are given in Fig. 5. At low frequencies, the 
damping component is larger and the two become equal, in this 
particular design, at about 5 cycles per sec. Beyond this point, 
the decrease in elasticity is large compared to that of the damp- 
ing. Both components may be considered as constant in value 
above 30 cycles per sec. In a previous reference,‘ the elastic 
characteristic is compared to a weak mechanical spring, and the 
tendency is to treat the driving and driven systems as separate 
entities. While in many cases the treatment is perfectly ap- 
plicable, it must nevertheless be noted that the term “weak” is 
a comparative one and therefore somewhat misleading. In 
marine installations, where a long length of shafting from the 
engine to the propeller is involved, it is possible for the line-shaft 
flexibility to exceed that of the coupling. While the condition 
is not a usual one, its possibility shows that the device should 
only be applied on the basis of a careful analysis of the entire 
vibratory system. 

Generally, the elasticity of both the driving and driven por- 
tions will be quite low compared to that of the coupling. The 
effect of the coupling elasticity under these conditions is to intro- 
duce an additional mode of vibration of very low frequency, 
compared to those of either portion treated separately. The 
higher modes of vibration correspond closely to those obtained 
for the separate portions of the system. In the fundamental 
mode, all masses to one side of the coupling move practically in 
phase, The accompanying stress in the shafting is consequently 
very low. Actually, the system is equivalent to one of two 
masses, i.e., the driving and driven portions connected by the 
coupling elasticity. The dynamic effect may be evaluated 
simply, if the damping between rotors is neglected. Let m = 
circular frequency of forced vibration; Ji, J. = driving and 
driven inertias, respectively; K = coupling elasticity; p = 
circular frequency of natural vibration, i.e, p 


V [KW + J2)/JiJ2]; M sin mt = vibratory fargie delivered 


to the driven member. Then it can be shown that 


; J 1 
M, = oes Ged IVE= Gp Sin ita a eee {1] 


In a twin-engined single-screw geared drive the phase relation 
between torque components delivered by each engine will modify 
Equation [1] as follows: Introducing the additional notation 
r = vibratory order under consideration, y = phase angle 
between similar cranks of the two engines, and J; = moment of 


4“Electrie Couplings,” by M. R. Lory, L. A. Kilgore, and R. A. 
Baudry, Trans. A.I.E.E., vol. 59, 1940, pp. 423-428. 
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inertia of each engine, we obtain (1) with both engines in phase, 
i.e., sin (yr/2) = 0 


J» 1 


ee 
(2d, + J2) [1 — (m/p)?) 


SINC bere [2] 


(2) engines 180 deg out of phase, i.e., cos (Wr/2) = 0 and each 
engine vibrates against the other about the gear as a node 


My 


The effectiveness of flexibility between engine and gearing is 
a function of the ratio of forced to natural frequencies of vibra- 
tion (m/p). If (m/p) is less than 1, the flexible element actually 
increases torque variation at the gears and defeats the purpose 
for which it is intended. Reduction obtains only when (m/p) 
is greater than 4/2. The criterion for satisfactory gear operation 
is that (7 — M,) be positive, where T is the mean torque. Other- 
wise, the gears separate periodically with resultant noise and 
wear. In a twin-engine electric-coupling drive, a given phase 
relationship obviously cannot be maintained. Equation [3] 
then applies, since it gives the minimum torque reduction 
possible. 


INVESTIGATION OF THE RESONANT RANGE 


In the previous analysis, damping was neglected to show 
clearly the similarity of requirements for various driving arrange- 
ments. The damping component will modify the quantitative 
results, and must be accounted for in investigation of the resonant 
range. Theoretically, only the major orders need be considered 
for the fundamental vibration mode; all engine members oscillate 
in phase. Actually, the minor orders, 1/2 to 2, inclusive (four- 
cycle engines of six or more cylinders), may produce undesirable 
effects. These occur at considerably higher speeds than the 
major orders and may fall within the operating range. An 


analysis for a two-mass system with damping between masses 
is given here; the extension to the multiple-engine arrangement 
may be carried out in similar fashion. The following nomen- 
clature is used. 


NOMENCLATURE 


angular displacement, radians 

angular velocity = d6/dt, radians per sec 
angular acceleration = d?0/dt?, radians per sec? 
damping constant, in-lb per radian per sec 
phase angle of motion, radians 

harmonic torque acting on J, in-lb 

V—1 


subscripts 


Ro eo oe D 


1 
Ne. 
| 


The differential equations of motion are 


Ji6, + K(0: — 02) + c(6; — 62) 
Job. — K (0: — 02) — c(6, — 62) 


ll 


[4] 


ele 


Writing the harmonic torque as a complex quantity, the 
solution is given by 


6 = X(cos mt + 7 sin mt) 


Substituting this in Equation [4] and reducing, the following 
values are obtained: 
For magnitude of vibratory displacement 


M 
m2 (Jy = J») 


\ (K — Jom)? + c?m? 
K2{ (m?/p?) — 1]? + c?m? 


M 
mJ, 7 J») 


\ K? + cm? 
K?[(m?/p?) — 1]? + cm? 


For phase angles of motion 
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aS —cm3J 9? At resonance m/p = 1, and Equations [5], [6], and [7] reduce to 
Or 1D [KK — Fai) (n?/p) — 1) — om} Ty ET) a i 
¢: = tan~1 cm’ JJ» i Ae cm3(J, + Jo) CSL Le (Cs 
2 = ta 


{21 (n/p?) — Ive) Vey BR a ie ee ee [3] 


Qo = sede ew VJ (K? + em?) 
The torque at the gears is given by em3(J1 + Je) 


MI.K 1 


My = K(6, —6,) = + ae a2 
CMD NCEA Felice) eymern | PAS ae ey a a 9) 
go: = tan~! K/—cm 
roa a a TT 
MJi.K 
i + Vai ee [10] 


cm(1 ae J») 


If the predominant elasticity is that of the coupling, this 
analysis will yield rather accurate results. A comparison of 
estimated and recorded values for a system with this disposition 
of elasticity is given in Fig. 6. These data cover only the reso- 
nant range controlled by coupling elasticity. At higher speeds 
no perceptible motion was recorded at the motor side of the 
coupling. Sample torsiograms from 95 to 201 rpm are shown in 
Fig. 7. Since these tests were performed with the motor driving 
the engine, the harmonic torque at the engine could be accurately 
estimated. The close agreement between analytical and test 
values thus directly confirms the electrical theory of the Appendix, 
by means of which the coupling characteristics were determined. 

For the higher modes of vibration the procedure is well known 
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been in geared marine drives of the multiple-engine single-screw 
type, where rapid engine disengagement is desirable. The hy- 
draulic coupling has been similarly employed and a comparison 
is of interest. Each coupling requires auxiliary equipment and, 
in this respect, both have disadvantages. In efficiency each 
averages about 97 per cent. For hydraulic couplings, the loss 
is approximately a fixed percentage of speed, but the same is 
true of the electric-slip coupling with economy-resistance control. 
For speeds below 400 rpm, the electric-slip coupling is definitely 
superior in weight and size. As more experience with the latter 
is obtained this limit may be raised considerably. The torque 
capacity of the electric coupling varies as the diameter squared 
times length of rotor, or D?Z, and is independent of speed; in 
the hydraulic coupling the variation is directly as (diameter)? 
speed. Within limits, the dimensions of the former may be 
varied, provided D?Z remains constant. The same facility is 
lacking in the latter. The mechanically separated rotors of the 
electric coupling eliminate the possibility of wear, thereby 
reducing maintenance. Hydraulic couplings of modern design, 
however, are relatively wear-free and no distinct advantage may 
be claimed in this respect. As regards rapidity of coupling 
action, however, the electric coupling has no equal. Where 
direct current is available, however, adoption of the electric-slip 
coupling in preference to the hydraulic unit is indicated. 
Otherwise, with weight and size equal, choice appears to rest on 
cost. 


ApprtionaL APPLICATIONS OF ELECTRIC-SLIP COUPLINGS 


Exclusive of geared applications, the coupling characteristics 
suggest its use for several other services in which the internal- 
combustion engine is employed. It should be appreciated, 
a priori, that for a given torque-weight ratio, units with widely 
different torque-slip properties can be constructed. The quan- 
titative values, in Figs. 3 and 4, apply strictly to the short- 
circuited squirrel-cage type. With a wound secondary con- 
nected through slip rings to a variable resistance, for example, 
variable-slip-speed characteristics can be obtained. In general, 
for every known type of motor or generator, a corresponding 
electric coupling is possible. Additional applications then fall 
into the following categories: 

(a) Systems in which seizure of the driven members is likely 
to occur, such as suction-dredge installation or vessels operating 
in shallow or ice-filled waters. 

(b) Direct-drive marine installations required to operate at 
propeller speeds considerably below one third maximum engine 
speed. With a wound-rotor construction, slip speeds of the order 


of 50 per cent are possible for short periods. The losses are: 


approximately proportional to slip but nevertheless small due 
to the low powers developed in this speed range. 

(c) Drives requiring smooth-turning characteristics at the 
load. If in addition rapid clutch action is desired, maximum 
utility of the device is attained. 

From a vibration standpoint alone the electric-slip coupling, 
properly used, will effect a highly satisfactory drive. Com- 
parable results, however, are also possible with less expen- 
sive mechanical devices. Thus, unless some additional func- 
tion is to be performed, the greater cost involved is not usually 
justified. 
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Appendix 
The following nomenclature is used in the Appendix: 
NOMENCLATURE 

a = asin mt = relative angular displacement between 
coupling rotors, radians 

¢ = flux, maxwells 

B = direct-current field, gauss 

L = length of iron, cm 

R = radius of air gap, em 

S,S’,S’o = current densities, amp per sq cm 

p = resistance, ohms 

f = frequency of oscillation of coupling rotors, cycles 
per sec 

» = a-c permeability of iron, gauss per oersted 

tT, = slot pitch, em 

h, = tooth height, em 

a, = effective tooth area, sq cm 

r, = tooth resistance, ohms 
tooth reactance, ohms 


i, = conductor current, amp 


%, = tooth current, amp 

z = impedance, ohms 

r, = conductor resistance, ohms 

x, = conductor-leakage reactance, ohms 

¢ = specific impedance, ohm per em periphery per cm 
length 

I, = sum of currents under pole arc, amp 

6 = magnetic air gap, em 

b = effective pole arc, em 

l, = inductance, h 

r,» = short-circuit ring resistance under pole are, ohms 

r4 = short-circuit ring resistance in space between poles, 
ohms 

e = induced voltage in secondary conductor, v 

S, = current density per unit periphery, amp per sq em 
per cm 

b, = length of short-circuit ring under pole arc, cm 

B = pulsating air-gap field, B includes B, gauss 

m = number of poles 

T = induced-coupling torque, kg-m 

je aA 


The torque delivered by the engine to the driving rotor of the 
coupling is a periodic function. Analytically it may, therefore, 
be considered as composed of a constant torque and a number of 
harmonic-torque components of differing frequency. ‘Trans- 
mission of torque through the coupling then produces a constant 
slip between the rotors upon which is superposed a relative 
vibratory motion. In the following analysis the relative speed 
difference, i.e., slip, is neglected. The relative angular displace- 
ment between rotors can then be written as 


Cs ly SIM ee or ese ese {11] 


Provided no counteracting ampere turns are induced in either 
rotor, there arises in the secondary part of the coupling, in each 
of the gaps between poles, a cross field, shown in Fig. 8 with a 
flux of 


Actually, the motion gives rise to eddy currents in the iron of 
both rotors, as well as currents in the cage winding, and the 
resultant pulsating field has a distribution as shown in Fig. 9. 
The a-c permeability » of the iron is a function of ¢/L, Ra, and 
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m, and is estimated according to previous investigations which 
show that for f cycles per sec and 50 cycles per sec 


($/L) so = “V (f/50) (¢/L),.......00000. [13] 


The a-e permeability in general will be rather high, especially 
since, at higher frequencies (see Fig. 9) ¢ is divided into $y along 
the pole-shoe surface and ¢, along the short-circuit winding. In 
view of this, the ampere turns consumed for the iron will be 
neglected. 

The fact that the teeth lead currents parallel to the cage 
winding must, however, be taken into account since this will 
lessen its effective resistance and also influence its leakage 
reactance. The cage winding is not insulated. To a current 
density S in the conductor there corresponds a current density 
S’o at the bottom and sides of the slot, as well as at the air-gap 
surface of the tooth with a value 


S’o =o S(beu/ Pre) Saisie eles wisi sis ibys lin} sits lio fets [14] 
The decrease in S’ in the iron is approximately given by 
1S" = 8/ op < Ge nem ort. [15] 
where 
n = nV (fu/op)l0-8....... 20005. [15a] 


For example, with » = 1000, f =2~8 cycles per sec and, p = 
0.2, then 


n = 20 V0.01 ~ 290.4 =2~4 


If the teeth are not particularly narrow the current in the con- 


ductor 7,, = Soh is followed by a current in the tooth equal to 
pllseg 
i us ee La-Gbors 
PRe. e 2n 
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the effective tooth area is thus 
a, = (7, + 2hy)/y 


and its resistance and reactance 


nL ‘ 
US Us ibs AMO 


T, + 2h, 
Within the active length, tooth and conductor are connected 
in parallel. Outside this length the conductor has an impedance 


of Ar, — jAz, and the effective impedance of one slot pitch is 
thus 


Ag Ge <Fy jz) (r, =e jx) 
(r, oi 7) SIG ar 24) 


SATE 
or 


(7, Say 
CE) ome (Fire?) 


z= Ge + Ar,) ex aif Az.) [16a] 


The cage winding can therefore be considered as a cylinder with 
a specific impedance 


DiIrFERENTIAL Equations anp Tuer SOLUTION 


The sum of the currents J, under the pole are produces a flux 
of 2¢; in the interpolar space, i.e. 


I, 0.42 I, 
SP WO) Sh AVES, ee an sh onc 1 
ar amram C2) 5 & 10 [18] 
where the factor y and the inductance J, are determined by field 
plotting, as shown in Fig. 10. 


Fie. 10 Merson or Firiup Prorrina 


The voltage induced in each of the cage-winding conductors 
under the pole arc is 


do da 
= — = 10-9 = —BR ~§ = — a 
e dt 0 LR 7 10 Ea cos mt. . [19] 
also 
dB 
O.AmSgim'sad smiled tencaae aks [20] 
dx 
and 
1 Z cs 
Lay S,dx = jmBL 10-*..,... [21] 
d boys 
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or 
a 
— — 6? = 
dat CS) TEAS 3) OR eeu cree ci [23] 


where 


One 0.4 10-8 
a m 
re ea 


B? 


The solution of Equation [23] is 


cosh Bx 
SS, = GS: St bono oooos aur 
(Sa)b/2 cosh B(b/2) [24] 
From this then 
b/2 b ighpe/? 
a Sons 3 = (WS SS coh 5s 
y a BS 0/2 aa [25] 


Note that for 
B(b/2) > 3, tgh B(b/2) = 1 

From the foregoing and Equation [19], we may write 
‘ I eh 
jBan = (Sq)o/2L + 5 (rs — mh) 
_ hf, _b _ 80/2) 

2 (6/2) tgh[{6(b/2)] 
_Ty[, tm _8(0/2) 

2 b/2 tgh B(b/2) 


Ae diy a int | 


+ rp int | . [26] 


or 


ll 


I,/2 = jEoo(j@ + y) = Haoljy —8)....... [26a] 


The total coupling torque, i.e., for n poles, is equal to 
T = nBLI,R(10-8/9.81) 


Upon substitution of the expression for J, given in Equation [26a] 
we obtain 


T = InBLREa(jy — 6)(10-8/9.81)...........- [27] 


The jy and @ components are proportional to —de/dt and —a, 
respectively. 
Thus we have for the two torque components: 
Damping component 
da 


c an = Cam cos mt = 2nBLRE a Vy 


elastic component 


Ka = Kasin mt = 2nBLREa 0? 


Discussion 


M. R. Lory.’ Mr. Andriola is to be congratulated on his 
interesting and informative paper. The application of electric 
couplings on a large scale has come so recently in this country 
that little has been written about them. This paper is a valuable 
addition to the literature. 

It is fortunate that the author has included some information 
from his associates at A.S.E.A. That company’s actual experi- 
ence in building couplings antedates our own by several years 
because geared-Diesel drive has been popular in Europe for some 
time, while its use on a large scale is quite recent here. However, 


5’ Westinghouse Electric & Manufacturing Company, East Pitts- 
burgh, Pa. 
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we are now making rapid strides, as indicated by the fact that 
the writer’s company alone now has more total horsepower in 
couplings built or under construction than have been built or 
are on order abroad, based on the latest published information.® 
We are now building the largest electric couplings in the world, 
rated 4375 hp at 180 rpm, for use with Sun-Doxford engines on 
four Maritime Commission CP-3 cargo and passenger vessels. 
Of the 62 motorships already built or on order on June 1, 1941, 
for the Maritime Commission, 38 have geared drives of which 30 
are equipped with electric couplings and 8 with hydraulic cou- 
plings, while 24 are direct drive. 

The principal difference between the electric couplings for these 
Maritime Commission ships and foreign-built couplings is in the 
amount of torque available at high slip for maneuvering. Figs. 
3 and 4 of the paper show a coupling with 40 per cent torque at 
100 per cent slip. The Maritime Commission engineers recog- 
nized that, if more torque than this were provided, the couplings 
could be used extensively as an aid in maneuvering. Conse- 
quently, their specifications required a minimum of 75 per cent 
torque up to 140 per cent slip. 

The Mormacpenn, first of four C-3 cargo ships built by the 
Sun Shipbuilding and Drydock Company, and the first geared- 
Diesel ship to be completed under the Commission program, has 
electric couplings. Each of these ships has four Busch-Sulzer 
engines rated 2230 hp at 240 rpm, driving through Westinghouse 
electric couplings and Falk gears. The couplings on these ships 
have proved very satisfactory in service. The ships are excep- 
tionally easy to maneuver. The engine and coupling controls 
are centralized in a control desk. The right-hand lever on the 
desk controls the operation of all four couplings. The usual pro- 
cedure is to warm up two engines ahead and two astern at the 
“stand-by” signal. Then the operator can carry out any ma- 
neuver except “full ahead” or ‘full astern” by means of the 
coupling control and engine-speed levers. No starting air is 
consumed and the ease of operation is comparable to Diesel- 
electric drives. The writer has observed response to six bells in 
1 min when docking. 

The couplings on these vessels have about 100 per cent torque 
at high values of slip. This enables a crash-stop reversal to be 
made by disconnecting the engines from the propeller and re- 
versing them at no load. The couplings are then energized and 
reverse the propeller while the engines run on fuel. This method 
of reversal is very fast and uses little starting air. The Mormac- 
penn was forced to make a crash stop in New York harbor to 
avoid a collision in a fog. The propeller was turning at higher 
than full speed astern in less than 1 min. While this time was 
shortened by the fact that the ship was not up to full speed ahead 
when the reversal was started, the quick reversal was credited 
with avoiding a crash. It is doubtful if a coupling with torque, 
as shown in the curves of the paper, would be able to reverse the 
propeller from full speed. 

The writer was greatly interested in the mathematical analysis 
of the characteristics of the coupling which affect torsional vibra- 
tion. When his company first studied electric couplings, some 
engineers recognized the torsional characteristics and worked up 
curves similar to the author’s Fig. 5 for the Navy. Discussions 
of torsional characteristics led up to the extensive tests made by 
Mr. Dashefsky which were mentioned in the paper. It is im- 
possible to compare the formulas in the paper exactly with those 
published‘ by the writer and others because differences in con- 
struction modify the analysis. The A.S.E.A. couplings are built 
of solid iron in the secondary core and the analysis must take 
care of eddy currents induced in the iron parts. We use laminated- 
iron cores and these eddy currents have negligible effect and were 


6 A.S.E.A. Journal, March, 1940. 
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neglected in the analysis. The curves obtained show that the 
two methods give similar results. 

It is hoped that the amount of mathematical work done in 
determining the characteristics of electric couplings has not 
created the impression that torsional vibration presents a serious 
problem when they are used. Rather, the studies have been 
undertaken so that the designer may calculate the characteristics 
accurately, and predict the performance. When we know how a 
coupling acts, we can apply it properly. The large number in 
trouble-free active service constitutes the best proof that such 
couplings do protect the gears from torsional vibrations as well 
as aiding in maneuvering and performing all their other functions 
as discussed in the paper. 

The question has come up regarding the heating of the cou- 
plings during maneuvering; for example the chief engineer on one 
Scandinavian vessel has said that he could not maneuver with 
the couplings because they overheated. It is not surprising that 
this happened with couplings which were not designed for this 
service. 

As mentioned previously, the Maritime Commission engineers 
are largely responsible for the use of the couplings for maneuver- 
ing. For their ships, they specified sufficient torque to enable the 
couplings to perform this service, and also made sure that the 
couplings were adequate from a heating standpoint. 

During the maneuvering, the couplings act as clutches. There 
is no mechanical contact between the two members, and hence 
there is no wear to cause maintenance. However, as in any 
clutch when the slip is high, energy must be dissipated. This 
energy appears as heat in the bars of the squirrel-cage winding. 
The time of operation at high slip is short, but the rate of heat 
generation is high, and little of the heat can flow out of the bars. 
A large portion of it has to be stored in the bars, and the only 
way to keep the temperature down is to provide a large mass of 
material to store the heat. For this reason, the bars must be 
made as large as possible. 

This squirrel-cage winding is very rugged, since it consists of 
bars driven into slots in the core, and brazed with a high-tem- 
perature alloy at the ends to short-cireuiting rings. There is no 
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insulation to roast out, and the winding can stand high tempera- 
tures without injury. The most severe operating condition is 
during a reversal from full ahead when the couplings are dis- 
engaged while the engines are reversed and brought to about half 
speed astern. .When the couplings are energized, they must 
bring the propeller to rest and then pull it up to the engine speed 
astern. They are designed to do this with moderate temperature 
rise, since margin must be provided to take care of any unusual 
operating conditions which might increase the heating. 

During the trials of the eight Maritime Commission ships 
using electric couplings which have been completed, the cou- 
plings were often subjected to service several times worse than a 
normal reversal without injury. On the trials and the several 
trips in active service, the couplings have been subjected to 
every normal type of maneuver plus many abnormal ones with- 


out any damage of any kind from overheating. 


AvuTHOR’s CLOSURE 


Mr. Lory’s discussion constitutes an important addition to the 
material presented, especially as regards operating experience 
with couplings of this type. 

Since presentation of the paper, we have had the opportunity 
to study closely the operation of two couplings in a twin-screw, 
direct-drive installation. Maintenance has been conspicuous by 
its absence, although these units have been in service 8 months 
in addition to a continuous 17-day shop test at 80 per cent power 
and 24 hours at full rating. While these couplings are not specifi- 
cally designed to reverse the propeller from full speed, early 
ship-board tests soon established their adequacy for this maneu- 
ver; the units have been so operated since. It should be recog- 
nized, however, that in the interval between coupling disengage- 
ment and re-engagement, a reduction in propeller-shaft speed 
and necessary reversing torque will have taken place. The 
amount of reduction is a function of ship inertia and resistance. 

Mr. Lory properly emphasizes the true importance of the vibra- 
tion studies made for these couplings, and the author earnestly 
hopes that misinterpretation has not occurred as a result of the 
space devoted to this aspect of design. 


. Four typical dynamical cases of torsionally flexible 
inear’”’? couplings are examined: (1) Instantaneous 
applications of the maximum engine torque; (2) instan- 
taneous stoppage of the engine or the driven member; 
) (3) dangerous torsional resonance; and (4) tooth chatter 
' in geared drives. 


HE basic purposes of any coupling are to tie together com- 
ponent parts of a rotating assembly and to transmit the 
operating torque safely between the parts. The wide di- 
versity of coupling designs indicates that they are often expected 
to be more than mere concatenating links and transmitters of 
Jtorque. Even when the component parts of the rotating as- 
_semblage are supposed to maintain fixed relative positions, the 
problem of alignment has forced the design of couplings with 
various degrees of freedom compatible with carrying out their 
“asic functions. A large class of couplings embodying elastically 

flexible elements exists. These couplings are not only expected 

to concatenate component parts, transmit torque, and provide a 

certain amount of leeway in alignment, but they are also expected 

to provide a protection to the rotating system which would not 
exist if the flexibility were omitted. 

The protection needed by the system is not always clear to 
the design engineer. In general, flexible couplings are useful in 
“dynamic” situations in which angular velocities are changing 
or in which the driving or delivered torques are variable. A 
second generalization, which cannot be emphasized too strongly, 

is that a flexible coupling is embodied in a complete rotating 
system, and its effects depend as much on the system character- 
istics as on its own properties. Such data as hub size, installa- 
tion dimensions, and allowable horsepower per hundred revolu- 
tions per minute based on nominal load torque are necessary, 
| but they are not sufficient to determine a successful application. 

The effect of a flexible coupling is measured by the difference 

- in operation with the added flexibility and the operation without 
it. The difference to be expected can often be predicted by 
dynamic analysis of the whole rotating system with and without 
the coupling. 

Four typical dynamical situations in which torsionally flexible 
couplings are often considered will be examined. In all cases 
the coupling will be considered as “linear,” that is, the angular 
deflection or twist between the driving and driven sides of the 
coupling will be proportional to the torque transmitted in a 
static test. The four cases are: 

1. Instantaneous application of the maximum engine torque. 
2 Instantaneous stoppage of the engine or the driven member. 
3 Dangerous torsional resonance. 
| 4 Tooth chatter in geared drives. 


| 


INSTANTANEOUSLY APPLIED TORQUE 


This situation is an idealized limiting case of suddenly applied 
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torque. It is worse than any actual case can be. If a coupling 
can be made to meet this situation safely, it will be more than 
adequate to meet any rapidly rising torque. To simplify the 
problem consider the engine as a single body of moment of inertia i 
and the driven member as another body of moment of inertia 
I;. The coupling and other connecting shafting has an over-all 
spring constant K. The suddenly applied engine torque is 7. 
Friction torque and load torque can be ignored since the maxi- 
mum distress in the connecting shafting will occur soon after the 
engine torque is applied and long before any load or friction torque 
can be developed. Let 6; be the motion of l, and ¢ be the angle 
of twist in the coupling members. Under these assumptions, 
Newton’s second and third laws give the following equations of 
torque é 


Whe PI AGS ne ba ae ae en creinte nena {1] 
T3 (Gira tgs) ee payee eens ele oan [2] 
Eliminating 6,, we get 
+i, Th 
K SS A a ares eer 3 
e+ ap ip [3] 
From this 
@ = Asin pt + B cos pt — 7 Bese cise esta [4] 
1 
If I 
where p? = K aes 
and A and B are constants depending on initial conditions. When 
d 
t = 0, ¢ = 0, and - = 0, therefore 
( 
fi 
o= ip (Gos, —— De seecamacs ap atrecr [5] 
The torque in the coupling connection is 
Ke = —*— 8 (cos pt— 1) (6 
= Cos pial ie shee e as var 
hth z 
The maximum absolute value of the torque in the coupling 
members occurs when cos pt = —1. It is 
27 
I pe ah oat aot [7] 
as 
I, 


The torque twisting the connecting members is independent 
of the spring constant of these members, depends on the ratio 
I,/In, and can never be greater than 27’. 

Evidently, this is one dynamic problem in which a spring 
coupling offers no advantages. If the ordinary shafting which 
connects the two rotating members is made strong enough to 
stand twice the maximum possible torque that the engine can 
put out, everything has been done that can be done for this 
particular case. 
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INSTANTANEOUS STOPPAGE OF ONE RotTaTING MEMBER 


Using the same system as before, there are two cases, depending 
on which rotating member is stopped. In either case the entire 
kinetic energy of the free body must be stored in the elastic 
coupling members, if the energy lost in frictional dissipation is 


ignored. In these cases 


C/)K ¢?max = (1/2)? (if J, is suddenly stopped)... .[8] 
or C/2)K $?max = (1/2)Low? (if i is suddenly stopped)... .[9] 


In both equations w is the angular velocity of the entire rotating 
system just before the sudden stoppage. In either case 


(23) 
max Ey anata om cer) o oibel aise oxere honed [10] 
\‘ 
Ti, 
where vn is either 1 or 2. 
The maximum twisting torque in the coupling member is 
Minox = K max = WKI,° adeensaecclods {11} 


If Mois the maximum torque with the usual rigid coupling and 
My, is the maximum torque with the flexible coupling in place, 
and Ko is the original spring constant of the coupling shafting 
and K, is the spring constant of the flexible coupling, then 


Any reduction in twisting torque desired can be made by 
choosing K, small enough. Naturally the coupling parts must 
be strong enough to withstand successfully the twisting torque M. 

This case is a particular instance of impact. If two absolutely 
rigid bodies collide, the impact force is infinite in magnitude. 
If a spring is interposed between the bodies, the forces between 
them become finite and controllable. 


ToRSIONAL RESONANCE 


This phenomenon has been treated extensively in technical 
literature and will not be discussed in detail here. The natural 
frequencies and “normal elastic curves” which can be calculated 
by using the Holzer method familiar to many engineers are 
fruitful guides in judging the usefulness of flexible couplings in 
particular cases. These data, usually determined for the case 
of no frictional damping, must often be supplemented by esti- 
mates of the effects of damping on the amplitudes and stresses 
which occur at resonance. 

In applying a flexible coupling to a rotating system its effects 
on more than the lowest natural mode of vibration of the system 
must often be considered. If the operating speed of the engine- 
driven system is constant, a flexible coupling will often suffice 
to make operation at that speed free from dangerous amplitudes 
of motion. If the operating speed is variable, flexible couplings 
without damping devices are often “snares and delusions.’ 
There are some systems in which a properly designed flexible 
coupling will put the lowest natural frequency of the system 
below the idling speed, and the next higher mode of motion may 
have its resonance above the running range; but many actual 
systems, such as modern line airplane engines, are not so easily 
handled. The coupling may make one mode safe; but have no 
protective value at all in another mode of motion. 

This problem presents an example of the influence of the entire 
rotating system on the operating characteristics of the flexible 
coupling. 
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Gerar-Toorn CHATTER 


Consider an internal-combustion engine driving a centrifugal — 
pump through a step-up gear. An eight-cylinder line engine © 
with a maximum speed of 900 rpm will be considered. Since we © 
are interested in general ideas, the system can be represented 
in the simplified form of three flywheels connected by two tor- 
sional springs. This system permits a general survey of the — 
possibilities of gear-tooth chatter at resonance in the one-noded 
mode of motion. It would not serve well to investigate the 
possibilities in the two-noded mode of motion. 


Let J; = the moment of inertia of the engine rotating parts 
I, = the moment of inertia of the flywheel 
I; = the combined moment of inertia of the gearing and » 
centrifugal pump (all reduced to the engine-shaft 
speed) 
K, = the spring constant of the engine shaft 
K, = the spring constant of the connecting elements 


between the flywheel and the slow-speed gear. | 
This will include any flexible coupling which may 
be used. 


The calculations made assume that the gear teeth remain in 
contact on one side even during resonance vibrations. In fact 
this is a necessary state of affairs if the gear is to operate quietly. 
It can be realized in practice if the maximum inertia torque of 
the pump and pinion never exceed the load torque transmitted 
through the gearing to the pump. 

It is proposed to make a preliminary survey of the vibration 
and gear-chatter possibilities of this system by merely calculating 
the frequency and ‘‘normal elastic curve” without damping, using 
the usual Holzer method. The analysis proposed does not give 
the actual amplitudes of motion which will be encountered in 
operation at resonance. It merely gives an idea of the best 
results which can be attained by varying the parts of the system. 
The best that can be done by varying the flexibilities and moments 
of inertia may not be good enough, in which case special devices 
for ameliorating the vibration conditions may have to be intro- 
duced into the system. However, the operating conditions in 
many systems have been made safe by simply varying the flexible 
and inertia elements, 

Two major assumptions are made in the following calculations. 
They are: 

1 The damping in the system is unknown; but it is assumed 
to remain at or near the same value no matter what changes 
are made in the system. 

2 For the major critical speeds in the lowest mode of motion 
the energy input per cycle is assumed to be proportional to the 
average of the relative amplitudes of motion of the engine ; 
and the flywheel J». 

Based on these two assumptions the actual amplitudes en- 
countered will be proportional to the average of the relative ampli- 
tudes of the engine and flywheel in any given combination con- 
sidered. 

For the simplified system considered the single-noded frequency 
f = p/2m can be calculated from 


K K K K 
p= (1 (T+ eter ‘ 
1 


I, To Ts 
r K Z +I, 
= (1/4) rapes ei SEs ae atts ig) 
I, TI, I; 


and the relative amplitudes of motion for Ji, Jz, and J; are re- 
spectively 


A» p? 
Se Se a eo eee 1 
Aj Ki/l ! 2 
| A Ky /L. 
sss cS ay MIA # « [16] 
A, i Pp 
K2/I3 


To make the problem concrete assume that the system is 
‘originally laid out so that J, = 60 lb in. sec?; Iz = 200 lb in. 
sec?; J; = 160 lbin. sec, Ki = 5 X 10®lbin. perradian; and K, = 
30 X 10° lb in. per radian. Substituting these values in the 
-equations it is found that the one-noded, fourth-order critical 
‘speed will occur near 725 rpm and that the node (or point of 
“maximum shear stress) lies in the crankshaft near the flywheel. 
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The data from Equations [13] to [16] also permit an estimate 
of the possibility for tooth chatter. If the actual moment of 
inertia of the centrifugal pump and its pinion is J;’, its equivalent 
value reduced to gear speed is n2J3’, where n is the gear speed-up 
ratio. The maximum inertia torque of the pump and pinion, © 
referred to the gear, is n°J3’p2A3. Since the actual value of A; 
Ai + Ao 


is proportional to , the actual value of the inertia torque 


n*T;'p?A3(Ay + Ag) 

5 ; 
mitted through the gear is the pump-load torque. For a centrifu- 
gal pump this torque is 7’ = CN?, where N is the engine rpm 


is proportional to The load torque trans- 


= I T I I T I 
1.0 (A\+Az) Ag~ RELATIVE CRITERION FOR GEAR CHATTER 


iG. : : ; 7 ieee Aj ,Az,A3 - RELATIVE AMPLITUDES OF Iy,I2 ANO [3 Bi 
Since the engine might operate at this speed this information is N — RPM AT WHICH RESONANCE OCCURS Be 
quite disturbing. 0.8 (Ar Az) ~ RELATIVE TWIST AMPLITUDE IN CRANKSHAFT Peg 
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the gear, it may be possible to place the critical speed at a low 5 a eeale 
running speed and also the point of maximum twist may be mar hah 1 
a : ‘ Le [nae 
“shifted from the crankshaft into the coupling where damage wee 
will be less expensive and more easily repaired. The effect of 0.4 1500 ee eee ae | | 
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Fig. 1 Errects or Varyine Ko, I2 = 200 Ls In. Src? 


By reducing K2 to one tenth of its original value it is possible 
‘to depress the critical speed down to 400 rpm and to displace the 
largest twist from the crankshaft into the coupling. The actual 
‘twist in the crankshaft is also reduced to about one half of its 
original value. 

This last conclusion follows from the fact that the actual am- 


Bei As 


»plitudes and twists are proportional to The relative 


The actual twist will then 
AG AE 
2 j 
}two different values Ky and K,’ the relationship between actual 
iwists will be 


a . 


‘twist in the crankshaft is A; — Ao. 


A A 
‘oe proportional to Bia, Ba. (A; — A»), or to or 


For Kz. = 30 X 106 lb in. per radian and Ky’ = 3 X 10° |b in. 
‘per radian, this ratio is approximately one half. 


Fie. 2 Errects or Varyine Io, Ko = 3 X 10° Le IN. peR RADIAN 


and C is a constant depending on the dimensions of the pump. 
n7Is’p?As(Ai + Ao) 
or 
2 


4 


For quiet operation at resonance CN? > 


n*Is'p?A3(Ay a A») < 
2CN? 


1. Since at resonance with the fourth- 
900 
order harmonic torque N? = 16 p?, then 


8 nt! 
CD 


A;(A; + A) < 1 


Because n?, I;’, and C are independent of changes in Ko, it can 
be seen that the tendency for the gears to chatter is proportional 
to A3(A1 + A2). 

From Fig. 1 it can be deduced that this quantity A;(A1 + A2) 
has increased 10 to 1 as Ky is reduced from 30 105 lb in. per 
radian to 3 X 10° lb in. per radian. While this rough analysis 
does not indicate whether the gear teeth will actually chatter, 
it does emphasize the fact that tooth chatter is far more likely to 
occur with the flexible coupling than without it. While the intro- 
duction of the coupling has reduced the stress in the crankshaft 
and lowered the critical speed to a range in which the engine is 
less likely to run, it has increased the probability of gear noise 
at this lowered critical speed enormously. Evidently, the intro- 
duction of additional flexibility without some other change in 
the system may, in this case, merely change the problems en- 
countered in the design. 

What other characteristic of the system can be changed so 
that the favorable changes introduced by the coupling can be 
maintained while the unfavorable developments can be mini- 
mized? Naturally, the engine, gears, and pump are not easily 
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modified. The flywheel is a member which can be modified 
without undue practical difficulty. Fig. 2 indicates the change 
of conditions brought about by varying J2 from 200 lb in. sec? to 
20 lb in. sec?, keeping K2 constant at 3 X 10°lbin. radian. For 
I, = 20 lb in. sec? the value of N is not raised much nor is the 
actual twist in the engine shaft changed much; but the value 
of (A; + A2)Az3 is reduced to one third of its value for Jz = 200 
lb in. sec?. While this value is still three times greater than it 
was in the original design, it is a large change in the right direction. 

A further change which could be investigated would be the 
introduction of an additional flywheel between the flexible 
coupling and the slow-speed gear. This would reduce N, the 
actual twist in the crankshaft, and (A; + Age)Asz, all steps in the 
right direction. This additional flywheel, if used at all, should 
not be introduced on the high-speed side of the gearing since it 
would then increase J;’ and thereby increase the tendency to 
produce gear chatter. 

After these three things have been done, all steps which are 
easy to take have been taken. If, after all this, the system 
actually has amplitudes of vibration so large that dangerous 
stresses exist in the crankshaft or coupling and gear chatter 
develops, then the designer is really confronted with a difficult 
problem. Devices especially designed to reduce vibration 
would have to be introduced into the system, and this represents 
a major problem after the system is put into operation. 

This last case was discussed in some detail to indicate that 
successful coupling application is only possible through complete 
dynamic analysis of the entire rotating system. It should be 
remembered that only the effects on the lowest mode of vibration 
have been investigated. In many cases the second and third 
modes of motion might have to be analyzed in the same manner 
in order to insure safe or noiseless operation. 


NONLINEAR COUPLINGS 


It is a popular misconception that flexible couplings which 
have torque-deflection curves that are not straight lines are 
cure-alls for torsional-vibration troubles. It is often imagined 
that torsional resonance cannot occur if such a coupling is 
introduced into the rotating systems. This belief may be based 
on the statements made by recognized authorities that no 
infinite amplitudes of motion are possible in a system which 
contains a nonlinear coupling, even if frictional damping were 
completely absent. While this is true, and it is also a fact that 
very complicated relationships exist between torque, frequency, 
and amplitude of motion, it should be understood that conditions 
resembling resonance with linear couplings also exist with non- 
linear couplings. Amplitudes of motion large enough to cause 
trouble can exist at certain frequencies even if nonlinear couplings 
are used. The reader is referred to a paper entitled ‘Steady 
Oscillations of Systems With Nonlinear and Unsymmetrical 
Elasticity,’ by Manfred Rauscher, Trans. A.S8.M.E., vol. 60, 
1938, p. A-169. This paper indicates methods by which such 
couplings can be analyzed and also refers to numerous other 
papers on this subject that could be perused to get a complete 
picture of the situation existing when nonlinear couplings are 
used. 


CoupLinG STRENGTH AND SAFETY 


In this paper only the effects of the elastic properties of the 
coupling have been considered. The ability of the flexible 
elements to withstand the twisting torques encountered in 
operation has been completely omitted. A great variety of 
couplings could be used to get the same flexibility. Hach one 
considered would have to be analyzed to ascertain its adequacy 
to meet the operating conditions at resonance. If it is strong 
enough to take the torques at resonance safely, it is more than 
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safe at all other operating speeds. The most general remark . 
that can be made in this connection is that safety in a flexible 
coupling is to be attained by using the largest possible volume of 
elastic material which gives the desired spring constant in the 
space available for the coupling. Also, the most efficient use of 
elastic materials in couplings is gotten by stressing the materials 
in pure tension, pure compression, or pure shear. This is usually 
only practical in couplings in which rubber is the elastic medium. 
Where metals form the elastic elements reasonable deflections are 
gotten only by using the material in twist or bending. Under 
these modes of stressing a fair percentage of the metal is not 
carrying large stresses. Under these conditions either very high 
fatigue limits must be used or volumes of metal hard to pack into ~ 
reasonable space limitations must be considered. 


Discussion 


E. L. Davis.?. Referring to case 1, of the paper, the instantane- 
ous application of maximum engine torque, the formula deriva- 
tion shown in Equations [1] through [7] is considered as a theo- © 
retical problem correctly derived but impractically used. This 
problem is intended to represent an engine driving some machine. 
It is believed incorrect to assume a single disk as representing the 
reciprocating-and-rotating-mass system of the entire engine, 
when a solid coupling connects the engine and driven machine. 
On the other hand, it is acceptable to consider the case, as origi- 
nally intended, when there is an abundance of flexibility produced 
through the medium of a flexible coupling. A typical practical 
problem of this nature was calculated by the author in a previous 
article. In the case of a solid coupling, the node was between 
the last cylinder and the engine flywheel, whereas, in the case of a 
flexible coupling the node was in the coupling hub mounted on the 
engine shaft. 

A close approximate derivation can be made for solid couplings 
only by using Equations [1] to [5], inclusive. By placing the 


K I. I. 
node in the mass J;1, we have p? = — instead of K sited) 
ly Tle 
Tt ; th 
Then ¢ = —~> (cos pt — 1) and Equation [6] becomes K¢ = 
ps h/t 
1 ip 
(cos pt — 1) and Equation [7] becomes Mmax = h/t instead of 
1/42 
2F 
re 
I; 
27 ; 4 
The formula Mmax = (ani? can be used for solid couplings, and 
1/42 
2T 
the formula Mmax = 7, = be used for flexible couplings. 
hee es 
la ii, 


In comparing the problems given in the author’s previous 


I 
article,* the value i = 0.846 for both solid- and flexible-coupling 


2 

problems. When using Equation [7] as revised and as shown, we 
have values of Mmax as 1.0827’ and 2.467, respectively. This 
means that the torque in the shaft for a solid coupling is 2.27 
times that for a flexible coupling. It also shows that the maxi- 
mum stress in the case of the solid coupling is in the crankshaft, 
while the maximum stress in the case of a flexible coupling is in 
the coupling. 


2 Analyst, The Falk Corporation, Milwaukee, Wis. 
3 “Problem of Torsional Vibration Increases With Engine Power,” 
by J. Ormondroyd, Machine Design, vol. 3, June, 1931, pp. 37-40. 
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I 
Other values of z and their respective shaft torques are shown 
2 


in the following table: 


qh 1 
25 AO CAR ee 1 0.846 ees ‘ 
In 2 
Mymax for flexible 1 
Eoiplins ess ig WORST: 157 oT 
Mmax for ud b Sal te oT. SUT surat: BPs iN, oT 
coupling 


Referring to the author’s case 4, tooth chatter in gear drives, 
it is pointed out in the concrete example given that, in the case of 
a solid coupling, the major critical fourth-order speed occurs at 
725 rpm and, in the case of the flexible coupling, the minor second- 
order critical is at 400 rpm. Inasmuch as the operating range of 
this drive is from 700 to 900 rpm and the lowest possible running 
range would be 500 rpm, it is evident that the use of a flexible 
coupling here is advantageous. Fig. 1 of the paper could be 
slightly revised by drawing two horizontal lines at 700 and 900 
rpm to show the operating-speed range for gear-chatter compari- 
son. 

In regard to the equations on the third page of the paper, it is 
found that 7? has been omitted. These equations should read as 
follows 


and 


W.P.Scumirrer.! Reduction of Dynamic Loads. The author 
has reduced four typical dynamical situations to relatively simple 
expressions. Many practical cases cannot be so readily analyzed. 
Take, for instance, the rather complex example of an engine- 
driven system containing a gear train with known tooth-spacing 
errors. The magnitude of the dynamic loading of the gears will 
depend, among other things, upon the rigidity of the system. 
Resilient couplings on both sides of the gears will permit a greater 
degree of acceleration and deceleration of the gear masses in re- 
sponse to the errors, thus, not only localizing their effects, but 
making for materially lower tooth stresses than with nonresilient 
couplings. The solution for any given case may be obtained by 
following the methods developed in a bulletin® published by the 
Society. 

Impact Loading From Driven Machine. Practical examples of 
case 2 are seen in systems in which sudden load decelerations of 
the driven machine take place, thus requiring considerable energy 
to be absorbed. ‘There are numerous cases of the use of resilient 
couplings to alleviate bad situations in severe rolling-mill and 
similar drives. Where all the factors are known, the relative 
stresses can be computed. 

Torsional Resonance. Severe resonance may frequently be 
avoided by application of nonlinear resilient couplings, because 
the tuning changes with the increased amplitude. We agree 
that complete analysis of the rotating system is necessary in order 
to avoid unfavorable situations. No flexible coupling can be ex- 
pected to operate satisfactorily in a bad critical. 

We consider damping a most important property of the ‘‘Steel- 
flex” (Bibby) coupling of the writer’s company. The hysteresis 
loop obtained in static testing is due to its characteristic design. 
This is further increased dynamically by the action upon the grease 
within the sealed enclosure. 

4 Chief Engineer, The Falk Corporation, Milwaukee, Wis. 


5 “Dynamic Loads on Gear Teeth,” A.S.M.E. Report of Special 
Research Committee on Strength of Gear Teeth, 1931. 
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Gear-Tooth Chatter. Resilient couplings of this type may be 
relied upon to avoid certain types of tooth chatter. In the rotary- 
drum crushing field, herringbone pinions had formerly to be 
shrouded to avoid their axial displacement during the break in 
tooth contact from effects of the cascading material. The 
shrouds are eliminated whenever the couplings mentioned are 
applied because the potential energy stored is sufficient to 
make the pinion follow the gear when rapid speed fluctuations 
occur. 

Coupling Strength and Safety. It is exceedingly difficult to 
draw any arbitrary conclusions with respect to the most effica- 
cious use of materials in flexible couplings since so much depends 
on design, as the following analysis will demonstrate. Maximum 
strength in an articulated double-acting coupling is obtained 
when the shear strength of the individual interlocking elements is 
equal. If a nonlinear resilient coupling of the type previously 
mentioned is designed so that the grid is in shear at the limit-load 
peak, its strength at that point is equal to that of the nonresilient 
coupling. At lower torques, the grid transmits the load through a 
continuous variable-span beam. The entire grid material includ- 
ing loops is constantly under stress, thus the resilience of the 
coupling is unusually high, despite comparable size and safety 
factors. 


A. M. Wauu.’ For some time past, the writer has been inter- 
ested in the design of couplings for induction-motor drives,’ par- 
ticularly those subject to frequent starts and stops as is the case, 
for example, in the roll-table drive used in continuous strip mills. 
Because of the electrical characteristics of the induction motor, 
such systems on starting are subject to a suddenly applied pulsat- 
ing torque at the line frequency which dies out after atime. This 
type of transient-torque application gives rise to two effects, i.e. 
(1) if the natural frequency of the drive approaches the line fre- 
quency, a resonant condition will be present, and (2) because of 
the sudden application of torque an impact effect occurs, which 
is augmented by the nonlinear characteristic of the usual cou- 
pling. In certain practical applications, considerable trouble has 
arisen from these causes. In cases where motors are started 
and stopped frequently, this problem is of particular impor- 
tance, since a sufficient number of cycles of stress may take 
place eventually to cause failure of the mechanical parts of the 
system. 

The writer wonders whether or not a similar condition may not 
be present during the starting of an internal-combustion engine, 
coupled to its load by means of a flexible coupling. In such a 
case, a suddenly applied pulsating torque, set up as a conse- 
quence of the explosions of individual cylinders, would be present. 
For the nonlinear coupling usually applied in such cases, such a 
torque might give rise to stresses of considerable magnitude as a 
consequence of impact effects. In addition, because of the pul- 
sating torque, due to the explosions of individual cylinders, it 
would appear that there is a possibility of increased torque due to 
resonance for certain values of the natural frequency of the sys- 
tem. It is realized that such conditions probably occur but 
rarely in practice, however, in cases where such systems are 
started and stopped frequently an analysis of such torques might 
be worth-while. 

The writer agrees with the author that conditions resembling 
resonance may occur even with nonlinear couplings. Such condi- 
tions have, in fact, been observed in tests on induction-motor 
drives, the torque being measured by means of a magnetic torsi- 


6 Mechanics Department, Westinghouse Research Laboratories, 
East Pittsburgh, Pa. Mem. A.S.M.E. 

7 “Transient Torques in Induction-Motor Drives,’”’ by A. M. Wahl, 
Journal of Applied Mechanics, Trans. A.S.M.E., vol. 63, 1941, pp. 
A-17-A-22. 
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ometer. In certain cases due to such effects torques up to about 
8 times the nominal torque have been recorded. 


AUTHOR’s CLOSURE 


Mr. Davis is under a grave misapprehension when he con- 
siders that a solid coupling necessarily puts the node (in the single- 
noded mode of motion) in J;. The node will never be there with 
either solid or flexible coupling unless 7 = ©. When = o 
Equations [1] and [2] no longer describe the torques in the sys- 
tem. In Equation [1] of the paper the torque 7’ acts on Jy. 
If J, = © no finite value of T will move it. In this case ¢ would 
be zero at all times and the twist torque in the connecting shaft 
would always be zero. This checks Equation [7] for the case in 
which 1;,/Z2 approaches infinity. 

If torque T is suddenly applied to I, with the flexible shaft 
(including either the solid or flexible coupling) built into a rigid, 
infinite body J, the maximum torque in the shaft and coupling 
will never exceed 27. The conclusions drawn by Mr. Davis on 
the assumption of a node in J, are therefore erroneous. 

Fig. 1 and the discussion from which it arises were intended 
only to indicate trends toward the possibility of tooth chatter. 
No lower limit to the operating range of the engine was men- 
tioned. As a matter of fact the numerical data used in the dis- 
cussion were taken from an actual installation in which tooth 
chatter did develop at low (but actual) operating speeds. The 
actual installation had the tooth chatter removed at all operating 
speeds by reducing J; (the engine flywheel) to the smallest prac- 
tical value. 

The equations on the third page of the paper should contain 
a as pointed out by Mr. Davis. ‘The omission of 72 makes no 
change in the discussion of trends since none of the constants in 
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the last equation on page three was used in plotting the curves. _ 
The factor A; (A; + A2) is all that appears in the discussion or the _ 
curves. 

The author has no comment to make on most of Mr. Schmit- 
ter’s discussion but would like to reiterate most strongly that 
nonlinear couplings are not always a cure for resonance. Speeds 
at which excessive amplitudes of motion developed in systems 
containing nonlinear couplings have been observed by the author 
and many other engineers. These speeds can be predicted if the 
torsional characteristics of the coupling and the system are 
known. 7 

The author has never found damping which naturally exists 
in any coupling to be very efficacious in reducing amplitudes at 
resonance. Coupling damping which is effective must usually be 
achieved by deliberate design. Large damping is seldom en- 
countered in mechanical designs merely as an accidental by- 
product. 

The author has seldom run into torque problems arising from 
the starting or stopping of internal-combustion engines. Such 
engines run through an infinity of torsional critical speeds in 
starting. Practically all of these critical speeds resonate with 
such small harmonics that they are not even detected. Even a 
potentially dangerous critical speed can be passed through with 
safety if the engine has enough torque to accelerate rapidly. 
The author has seen two installations in which the engine charac- 
teristics were such that the engines lingered in bad criticals on the 
way up in speed. The amplitudes of motion built up to con- 
siderable value in both cases before the engine governors could 
feed enough oil to push on past the energy-absorbing vibration. 

It is interesting to note that Mr. Wahl has observed conditions 
similar to resonance in a system containing a nonlinear coupling. 


~ Combustion Explosions in Pressure Vessels 


Protected With Rupture Disks 


By MERL D. CREECH,! OKLAHOMA CITY, OKLA. 


All too frequently combustion explosions occur in indus- 
trial pressure vessels, particularly compressed-air receiv- 
ers, resulting in loss of life and property damage. The re- 
search described in this paper is the first step in determin- 
ing means to prevent this loss of life and property damage 
when combustion explosions do occur in pressure vessels 
by protecting the vessels from excessive overpressure with 
suitable frangible rupture disks. 


NOMENCLATURE 


HE following nomenclature is used in connection with 
tables appearing in the text of this paper: 


P, = rupture-disk bursting pressure, psi 


P, = initial compression pressure, psi abs. This is 
combined partial pressure of propane vapor and 
compressed air, comprising explosive mixture 

P2 = maximum explosion pressure in vessel, psi abs 

W/W, = ratio of weight of air to weight of propane vapor in 
explosive mixture 

Pp = partial pressure of propane vapor in explosive 
mixture, in. mercury 

(dp/dt)a., = average rate of pressure rise, psi per sec 
(dp/dt) max = Maximum rate of pressure rise, psi per sec 


Meruops or PrRorectTING PRESSURE VESSELS 


In many industrial applications a pressure vessel is used for the 
storage of an explosive mixture of compressed air and some 
combustible vapor. Each of these installations represents a 
hazard to life and property. A common example is air receivers. 
Although compressed air is not in itself explosive, the introduc- 
tion of oil into the receiver either from a defective compressor or 
by faulty operation does create a condition responsible for ex- 
plosions, resulting in great loss of life and much property damage 
every year. 

Eyen though these vessels are always provided with relief 
valves to safeguard them from overpressure, they are not pro- 
tected from the very rapid pressure rise during a combustion 
explosion of their contents. Since the relief valve does not pro- 
tect them and it is obviously difficult to prevent an occasional ac- 
cidental explosion, it seemed worth-while to investigate the ability 
of a rupture disk to relieve harmlessly the explosion pressure. 

The experimental work which had been done previously on 
combustion explosions was investigated. It was found that 
considerable study had been given to combustion explosions in 
small bombs, while little work had been done using larger closed 
vessels. Nothing had been done using a relatively large vessel 
protected by a rupture disk. 

Propane and compressed air constituted the explosive mixture 
chosen. This particular combination was selected not because 
it would be exactly similar to any explosive mixture likely to be 


1 Engineer, Black, Sivalls & Bryson, Inc. Jun. A.S.M.E. 

Contributed by the Process Industries Division and presented 
at the Annual Meeting, New York, N. Y., December 2-6, 1940, of 
Tue American Society oF MpCHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


encountered in practice but because propane is easy to obtain, 
its properties are well known, and it is readily mixed with air to 
form an explosive mixture. In this way the behavior of a rup- 
ture disk when used to relieve a combustion explosion could be 
studied. If the preliminary results proved to be favorable, a 
study of more specific types of explosive mixtures could be under- 
taken later. As will be evident, the results were promising and 
it is intended to study in more detail specific examples of ex- 
plosive mixtures such as are actually encountered in industrial 
applications. : 


APPARATUS FOR STUDYING EXpLosivE MrIxtTuRES 


Fig. 1 is a scale drawing of the experimental apparatus used. 
It consists of an explosion vessel mounted on a concrete founda- 
tion 8 ft in diam and 3 ft thick to take the recoil when the rup- 
ture disk bursts. The foundation is 5 ft below the ground level. 
Surrounding the vessel is a steel shell 8 ft in diam and 10 ft high. 
The 5-ft section of the shell projecting above the ground is sur- 
rounded by a concentric steel shell 14 ft in diam; the space be- 
tween the two is filled with earth. This is a safety measure 
should the vessel burst during an explosion. 

The vessel itself is a specially constructed arc-welded and 
radiographed pressure vessel of 15/s-in-thick high-tensile-strength 
steel, 24 in. inside diam X 10 ft high. It was designed for a safe 
working pressure of 2000 psi. The bottom of the vessel has an 
elliptical head welded to the shell. The top consists of a special 
flange arranged to have various-size rupture disks bolted to it. 

The vessel has a stuffing box installed to allow for the operation 
of a fan in the vessel to promote turbulence and create an intimate 
mixture of the explosive vapor and the compressed air. In addi- 
tion, there is a connection for admitting compressed air and pro- 
pane, a connection for the pressure gage and manometer, threaded 
openings for three spark plugs, and threaded openings for the 
three pressure-recording indicators. 

The ignition of the explosive mixture in the vessel is by means 
of a specially constructed spark plug using a 30-a fuse strip, 
connected across a 110-v a-c circuit. When the fuse melts, the 
are formed ignites the explosive mixture in the vessel. 

The explosion pressure was recorded by three high-speed en- 
gine indicators. The drums of the indicators were driven by a 
synchronous motor. The drum speed was measured and found 
to be 23.5 in. per sec. 

To synchronize the drums and locate on the diagrams the exact 
instant the disk ruptured, each drum was equipped with a stylus 
on a bell crank. The bell crank on each drum was connected 
to a 3/,-in-diam steel rod running vertically parallel to the axis 
of the explosion vessel. This rod was connected by means of 
another bell crank to a fine steel wire tightly stretched over and 
approximately 6 in. above the rupture disk. When the disk 
burst, the wire caused the rod to move upward approximately 
1/. in., actuating the three bell cranks on the indicator drums. 
Thus the three indicator diagrams were marked simultaneously 
at the instant the rupture disk burst. 


Test PRocEDURE 


The fuel was liquefied propane, such as is sold commercially 
for domestic gas appliances. The drum of fuel was connected in 
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Fic. 1 ARRANGEMENT OF EXPHRIMENTAL EXPLOSION VESSEL 


a manner to permit the propane to vaporize and flow into the 
explosion vessel. The amount of fuel used in any explosion was 
determined by measuring the partial pressure of the vaporized 
propane in the explosion vessel with a mercury manometer. 
After the required amount of propane had been admitted, the 
vessel was charged with compressed air to the preselected initial 
compression pressure. 

The fuel used was assumed to be pure C;Hs. This was prob- 
ably not strictly true but small amounts of lighter and heavier 
fractions would not alter its characteristics appreciably. It was 
also assumed that the vapor pressure and specific volume could 
be calculated by applying the ideal-gas equation of state, Pv 
wRT, where FR is equal to 35.1 lb. Furthermore, in all calcula- 
tions to determine the fuel-air ratio the barometric pressure was 
assumed to be 15 psi. 

Each explosion test was conducted as follows: 

After the desired rupture disk had been bolted to the top of the 
vessel, the paper was fastened to the indicator drums and the 
synchronizing mechanism adjusted. Next, the spark plug was 
screwed into the vessel. Then fuel was admitted until the proper 
partial pressure was registered by the manometer. The valve 
between the manometer and the vessel was closed and compressed 
air admitted until the proper pressure, as shown by the pressure 
gage, was attained. The valve between the vessel and the 
pressure gage was closed. Next, after walking to the remote- 
control station approximately 100 yd away, the fan in the vessel 
was started and allowed to run for 1 min. Then the fan was 
stopped, the indicators started, and the ignition switch closed. 
After the explosion, the indicators were stopped and the ignition 
switch opened. 

The paper was removed from the indicator drums and the 
vessel purged of its burned gases by blowing compressed air in 
at the bottom of the vessela» In cases where the 1500-psi rupture 


disk was used and did not rupture, it was removed and the 
burned gases purged as before. 

In some of the tests, three indicators were used. In others 
only one indicator was used. In all of the indicator diagrams 
reproduced in this paper, where three indicators were used, the 
diagrams are arranged one above the other; the upper diagram 
in the reproduction being the diagram from the indicator located 
at the top of the vessel, the middle diagram being the diagram 
from the indicator at the middle of the vessel, and the lower 
diagram being from the indicator located at the bottom of the 
vessel. Wherever possible, the three diagrams are reproduced 
so that a vertical line will intersect all three explosion lines at the 
same instant of time. Time is measured from the instant the 
disk ruptured. Where three indicators were used and the disk 
did not rupture, there was no way of locating the zero-time line 
on the diagrams. 

In all of the diagrams there are two parallel horizontal lines. 
The lower line is the atmospheric-pressure line and the upper line 
is the initial compression-pressure line. 

A series of tests was conducted to determine the effect of 
varying the air-fuel ratio. Each of these tests was conducted 
using a 4-in-diam 1500-psi-bursting-pressure rupture disk. 
Since the 1500-psi bursting pressure was much higher than any 
explosion pressure encountered, this converted the explosion 
vessel into a closed bomb without any relief. A pressure of 45 
psi gage was used as the combined pressure of the propane and 
compressed air in each of these explosions. The amount of 
propane in the explosive mixture was varied from approximately 
the lower explosive limit nearly to the upper explosive limit. 


Resvuuts or Trsts 


The data taken from the indicator diagrams for these tests are 
given in Table 1. In Fig. 2 is plotted the relation between the 
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pena, ae Teen Gane Pe eee air-fuel ratio and the ratio of the maximum explosion pressure 


Test to the initial compression pressure. 

no. Py Po P2/P1 (dp/dt)avg (dp/dt)max PP wa/wp Examination of the indicator diagrams reveals that the ratio 
| brs oO ee pees ae ors . es of maximum explosion pressure to the initial compression pres- 
m 14 60 435 7.24 715 1785 5 15.5 sure was greatest when a mixture of 12.8 parts of air to 1 part: 

40 60 495 8.25 1290 1850 6 12.9 ° oer 0 e 

21 60 385 6.42 596 1830 6 12.9 propane by weight was used. This is shown clearly in Fig. 2. 

15 60 425 7.01 804 1355 6 12.9 i i j 

26 60 195 $05 1455 1860 rs hake The rate of pressure rise was also found to be @ maximum for this 

29 60 495 8.25 1660 1860 6 12.9 mixture. For the leaner mixtures, the indicator diagrams were 

22 60 395 6.58 484 1110 is 10.9 eee a 3 A : 

16 60 405 6.67 954 1110 7 10/9 similar to Fig. 3 (test No. 15). For the richer mixtures, Fig. 4 

17 60 415 6.92 978 * 8 9.4 i i i 

4 “ e0 S58 Bese 703 ai 5 a (test No. 18) and Fig. 5 (test No. 29) may be considered typical 

20 60 320 5.33 654 “ 9 8.3 diagrams. 

* Maximum rate of pressure rise for these diagrams would be misleading. The vibrations or pressure waves recorded on the diagrams in 
Figs. 4 and 5 are to be found on all diagrams for the richer mix- 
9 = a: tures and are never found on the diagrams for the leaner mixtures. 
Es OINTS The frequency of these pressure waves is approximately 117 per 
| A cm sec. They appear to be the sum of several vibrations of differing 

Sa i frequencies. The small ripples are of approximately the same 
aes period as the natural frequency of the indicator recording 
Ei mechanism. Another characteristic is that the amplitude of these 
a vibrations is a maximum at the point of maximum explosion 
ake | pressure. Yet another characteristic is that the vibrations are 
a very similar for the diagrams taken at the top and bottom of the 
w Ee os vessel. However, for the diagram taken at the middle of the 
ke vessel, their amplitude is very much less and their frequency is 
not so well defined. This is well illustrated in Fig. 5. 
“ 23 = | aa = Since the air-fuel ratio of 12.8 to 1 gave the highest explosion 
‘ MIXTURE RATIO “2 pressure and the maximum rate of pressure rise, it was used in all 


Wp : 
subsequent experiments. 


Having selected the air-fuel ratio to be used, a series of tests 
based on this air-fuel ratio was made with varying initial com- 


Fig. 2 Curve SHowine Errect or Air-Furt RATIO on EXPLOSION 
PRESSURE 


P; = initial compression pressure : ; 

P2: = maximum explosion pressure pression pressures. These explosions, too, were made without 
wa = weight of air in mixture | : = i 

wp = weight of propane vapor in mixture any relief, using the vessel as a closed bomb. The data from the 
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Fig. 3 Txrst No. 15: Typrcan Inpicator D1aGRAM FoR CLosED VEessEL WiTHOUT Reiger; RuprurE Disk Dip Nor Burst 


(For this test the spark plug was at the bottom of the explosion vessel and the indicator at the top. The partial pressure of the propane vapor was 
6 in. of mercury and total initial pressure was 60 psi abs.) 


6-/2-8-39 
SSE ap ee eee eee te 
Fig. 4 Test No. 18: TypicaL Inprcator Diagram SHOWING PressuRE Waves UNpER CrRTAIN.CONDITIONS WHEN RupPTURE 


Disk Dip Not Burst 


(For this test the spark plug was at the bottom of the vessel and the indicator at the top. The partial pressure of the propane vapor was 9 in. of 
mercury and the total initial pressure was 60 psi abs.) 
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Fic. 5 Test No. 29: Turez SimuiTannous InpicaTor DraGrams ror Ciosep VesseL WiTHouT RELIEF 
For this test the spark plug was at the bottom. The partial pressure of the propane was 6 in. of mercury; the total initial pressure was 60 psi abs.) 
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130 + TABLE 2 DATA TAKEN FROM INDICATOR DIAGRAMS DURING 
TESTS CONDUCTED WITH SELECTED AIR-FUEL RATIO 
Test 
120+ js no. Py P2 Po/ Py Pp wa/wWp (dp/dt)avg 
sf 31 81 655 8.09 8.8 11.7 1925 
< 36 92 815 8.86 10.3 UES 2730 
= 41 99 785 7.94 9.9 12.8 2000 
a ll0 + 33 97 772 7.98 11.0 BS? 1450 
- 23 105 735 7.00 12.0 1S fal 1190 
Fa 35 115 845 7.35 13.3 11.0 1720 
5 37 115 935 8.15 13.3 11.0 3370 
a 100 42 115 895 7.76 11.9 12.3 2100 
ra 
26) TABLE 3 DATA TAKEN FROM INDICATOR DIAGRAMS DURING 
S ifs = TESTS USING 4-IN-DIAM RUPTURE DISK 
2 Test 
He no. Ps Pi P2 P2/P, Pp wa/wp 
a OO 7 30 66 60 255 4.25 6.0 12.8 
2 28 66 60 285 4.75 6.0 12.8 
e) 27 66 60 255 4.25 6.0 12.8 
ches 43 122 99 455 4.45 9.9 12.8 
< 44 188 115 475 4.13 TES 12.8 
& 
z 
7 60}o | | TABLE 4 RESULTS OF SIX Teste USING 8-IN-DIAM RUPTURE 
Kc 
Test 
O no. Ps P; P2 P2/ Py Pp wa/Wp 
== i 
400 600 800 1000 i200 Mmm eg 30602Oi)sC(itiC 
MAXIMUM EXPLOSION PRESSURE, PS! ABS 48 75 65 215 BWR 6.5 12.8 
= 47 122 97 395 4.07 9.7 12.8 
Fic. 6 Curve SHowine REevation Between InrtrAL CoMPRESSION 46 105 85 305 3.59 8.5 j2.8 
PRESSURE AND Maximum EXxPiLosion PRESSURE 45 75 65 225 3.46 6.5 12.8 
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Fic. 7 Txrst No. 28: Typicau Inpicaror Diagrams WHERE 4-In-Diam Rupture Disx Is UsEpD 
(The spark plug was at the bottom of the vessel. The partial pressure of the propane was 6 in. of mercury and the total initial pressure was 60 psi al); 
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Fie. 8 Tuxst No. 47: Inprcator DiaGrams FoR Tpst WHERE 8-In-Di1am Rupture Disk Was Usep 


(The spark plug was at the bottom of the vessel. The partial pressure of the propane was 9.7 in. of mercury and the total initial pressure 
was 97 psi abs.) 


) 


CREECH—COMBUSTION EXPLOSIONS IN PRESSURE VESSELS PROTECTED WITH RUPTURE DISKS 587 


TABLE 5 RESULTS OF FOUR TESTS USING 12-IN-DIAM 
RUPTURE DISK 

Test 

no. Ps Py P2 Po/ Py, Pp Wa/Wp 
55 150 115 335 2.91 11.5 12.8 
54 85 et 175 2.46 ak 12.8 
53 105 85 215 2.53 8.5 12.8 

52 85 71 175 2.46 die 12.8 


————————— 


TABLE 6 RESULTS OF TESTS TO DETERMINE THE EFFECTS 
OF VOLUME OF EXPLOSION VESSEL 


Test 
no. Ps Py P2 P2/Pi Pp wa/Wp 
60 134 103 265 2.58 10.3 12.8 
59 75 65 165 2.54 6.5 12.8 
58 105 85 215 2.53 8.5 12.8 
57 122 97 255 2.48 9.7 12.8 
T-3-12-18-39 
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Fig.9 Trstr No. 54: Typicau Inpicator DiacramMs WHERE 12-In-Dram Ruprure Disk Was Usep To ReLipve ExPLosion PRESSURE 


(For this test the spark plug was at the bottom of the vessel. 


The partial pressure of the propane was 7.1 in. of mercury and the initial total pressure 


was 71 psi abs.) 
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Fie.10 Trsr No. 55: Tyrican Inprcaror DraGrams WHERE 12-In-D1Am Ruprure Disk Was UsEpD 


(For this test the spark plug was at the bottom of the vessel. 


The partial pressure of the propane was 11.5 in. of mercury, while the initial tota 


pressure was 115 psi abs.) 


a eh fen en I oc as 


Fie. 11 


vapor was 5 in. of mercury. 


indicator diagrams for these explosions are given in Table 2. 
The relation between the initial compression pressure and the 
maximum explosion pressure is plotted in Fig. 6. 

An examination of the data plotted in Fig. 6 indicates that the 
relation between the maximum explosion pressure and the initial 
compression pressure in a closed vessel is linear for the range of 
pressure covered. The maximum explosion pressure was ap- 
proximately eight times the initial compression pressure. 

Next, the flange for the 4-in-diam rupture disk was bolted to 
the explosion vessel. Five tests were conducted using an air- 
fuel ratio of 12.8 to 1 and various initial compression pressures. 
The data taken from the indicator cards for these tests are tabu- 
lated in Table 3. A typical group of three simultaneous indicator 
cards is reproduced in Fig. 7 (test No. 28). 

Tt was found that, when the vessel was protected with a 4in- 
diam rupture disk, the maximum explosion pressure had dropped 
to 4.25 times the initial compression pressure. 


TyrrcaL INDICATOR DraGram SHOWING LARGE Pressure Waves WHEN Larce Disk Ruprures 


(The spark plug was at the bottom of the vessel and the diagram is from the indicator at the bottom of the vessel. 
The total initial compression pressure was 75 psi abs. 


The partial pressure of the propane 
The rupture disk was 16 in. in diam.) 


A series of six tests was made, using an 8-in-diam rupture disk 
on the explosion vessel. The data taken from this group of tests 
are given in Table 4. Fig. 8 (test No. 47) is a reproduction of a 
typical group of three simultaneous indicator cards. It was 
found that, when an 8-in-diam rupture disk was used to relieve 
the explosion pressure, the maximum pressure attained by the 
exploding mixture in the vessel was further reduced to 3.6 times 
the initial compression pressure. 

Four tests were made using a 12-in-diam rupture disk. The 
data from these tests are given in Table 5. The three simul- 
taneous indicator cards are reproduced in Fig. 9 (test No. 54) 
and in Fig. 10 (test No. 55). These are typical of all the tests for 
this size rupture disk. Here it was found that for this size rup- 
ture disk the maximum pressure was only 2.5 times the initial 
compression pressure. 

To determine the effect of the volume of the explosion vessel, 
a group of four tests was undertaken using 8-in-diam rupture 
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disks with the vessel one half full of water. The data from these 
tests are tabulated in Table 6. The ratio of the maximum pres- 
sure to initial compression was found to be 2.5 instead of 3.6 for 
the entire vessel. 

Additional tests were conducted using 16-in- and 24-in-diam 
rupture disks to relieve the explosion pressure. Fig. 11 is a 
typical indicator card made using a 16-in. rupture disk. It will 
be noted that, immediately after the disk ruptured, several pres- 
sure waves of extremely large amplitude were recorded. Similar 
waves were also present when the 24-in-diam rupture disk was used. 

To demonstrate that these pressure waves are some function of 
the exploding gases and not the bursting of the rupture disk, two 
16-in-diam disks similar in every respect were ruptured by 
rapidly raising the air pressure in the vessel with compressed air. 
When the disk ruptured, the pressure rapidly declined to atmos- 
pheric without any of these vibrations being present. 

Since these large-amplitude vibrations were present only when 
16-in- and 24-in-diam rupture disks were used and not when 
12-in-diam and smaller were used under identical conditions, it 
seems logical to assume the relation of the diameter of the vessel 
to the diameter of the rupture disk determines whether or not 
these waves will appear. Until further studies can be made and 
these pressure waves explained more fully, it will be impossible 
to interpret the value of these large-diameter rupture disks for 
relieving combustion explosions. 

Fig. 12 is a plot of all of the foregoing data. This shows 
clearly the effectiveness of the various sizes of rupture disks in 
relieving the explosion pressure. As was to be expected from 
Fig. 6, the maximum explosion pressure is a linear function of 
the initial compression pressure in every case. 


CoNcLUSION 


As was stated at the outset, the object of this investigation 
was the determination of the effectiveness of a rupture disk for 
relieving the rapid pressure rise in a pressure vessel, harmlessly, 
during a combustion explosion of its contents. The experimental 
data presented here are merely a first step toward the solution 
of this problem. This matter is quite complicated and much 
must yet be learned about combustion explosions in general be- 
fore the problem can be called solved. Many of the variables 
which might affect the results were either disregarded or only 
crudely or partially controlled. However, the results thus far 
obtained do indicate that by using a higher factor of safety in 
designing the vessel together with a rupture disk of suitable size, 
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every vessel containing an explosive combustible mixture can be _ 
protected. For many of the less violently explosive mixtures, a 
rupture disk alone will give absolute protection from a destructive 
explosion. 


Discussion 


C. E. Hurr.? Will rupture disks protect air-receiver tanks and 
air lines in which combustion explosions occur? To find an 
answer to that question, the writer’s company began the explo- 
sion study described in part by the author. 

Observe that, when violent combustion explosions of “‘ideal”’ 
explosive mixtures of propane and air were created in the sturdy 
test vessel, there was no difficulty in limiting the maximum pres- 
sure in the vessel by the use of a rupture disk: 

A 4-in. rupture disk permitted a maximum explosion pressure 
of 4.25 times the working pressure. 

An 8-in. rupture disk kept the maximum explosion pressure in 
the test vessel down to 3.6 times the working pressure. 

A 12-in. rupture disk limited the maximum explosion pressure 
to 2.5 times the working pressure. 

When 16-in. and 24-in. rupture disks were used, the explosion 
pressure was yet further reduced, but accurate readings were not 
obtained. 

When similar mixtures of propane and air were exploded with 
the test vessel sealed with a heavy disk to give the effect of a 
pressure bomb, the maximum explosion pressure was approxi- 
mately 8 times the working pressure. You will see then how 
great was the limiting effect of rupture disks of various sizes. 
Tests were conducted using acetylene and air as the explosive, 
and the results were quite similar to those quoted. 

These experiments certainly show that rupture disks of rea- 
sonable size will provide much needed protection to pressure 
vessels in which combustion explosions of hydrocarbon gas and 
air mixtures occur. 

It may be said: “Although rupture disks limited explosion pres- 
sures in these tests, combustion explosions of ‘broken-down’ lu- 
bricating oil and air in actual compressed-air systems may not be 
as easily controlled.” Let us see: 

Many are familiar with accounts of the terrific compressed-air- 
system explosion in a western New York chemical plant late in 
1939. Two air compressors were wrecked, several receiver tanks 
were burst, and pipe fittings were shattered at all turns in the air 
lines. An oft-repeated question was, ‘Would rupture disks have 
protected that air system?” . Perhaps now we have an answer! 

Recently, an engineer from the same chemical plant related 
that, soon after the explosion had occurred, rupture disks were 
installed at several points in the rebuilt air system. According 
to this engineer, only a short time ago an explosion occurred in 
the air system and the bursting of one rupture disk prevented 
damage to the system. The damage to the unprotected system 
had exceeded $250,000; the explosion which burst the rupture disk 
cost only the price of a replacement rupture member. 

This is only one of many instances where it is known that rup- 
ture disks have protected compressed-air systems. On the other 
hand, we have never heard of the bursting of an air tank or line 
protected by a rupture disk. 

It has been indicated that this explosion study is to be con- 
tinued, in fact, even now the tests are going forward. However, 
a more fertile field for observing the protective capacity of rup- 
ture disks is in active service where, in the case of thousands of 
air tanks and other pressure vessels, equipped with rupture disks, 
the record shows that not a single pressure vessel protected by a 
proper rupture disk has ever been damaged by overpressure. 


? Engineering Department, Black, Sivalls & Bryson, Inc., Kansas 
City, Mo. 


| In this paper the authors report on a practical applica- 
tion of the quantitative methods which they have described 
previously (2, 6)3 in connection with process and control 
‘analysis. First, the properties of surge vessels are con- 
_ sidered from a functional point of view. The influence on 
‘these properties of externally applied controls is next 
discussed. Proceeding from the simpler to the more 
' involved, control systems of various types are introduced 
and applied to a vessel. The performance of each of these 
applied systems is separately examined and illustrated 
under significant assumed conditions. Considerable at- 
tention is given to a definite method of control which in- 
- volves, as the master instrument, one having a propor- 
tional-plus-floating characteristic, and which, it is felt, 
may justifiably be referred to as “‘automatic averaging 
‘control.’ z 


INTRODUCTION 
x ACCOUNT of the use of “automatic averaging control’ 


as an operating technique in modern continuous processing 

was given recently in a paper (1) by J.B. McMahon. The 
present paper is devoted to a quantitative presentation of the 
mathematics underlying this interesting branch of automatic 
control. 

Dynamically, a surge vessel can be compared both to a shock 
absorber and to a flywheel. Fluid systems possessing such 
properties are supposed to absorb or release fluid at such times 
and in such a manner that violent changes in one or more of a 
group of related flows need not be accompanied by violent 
changes in another. 

In the case of a surge vessel to which fluid is continuously sup- 
plied and from which fluid is continuously withdrawn, all flows 
pertaining to the vessel may be grouped into two sets—a summed 
“inflow” and a summed “outflow.” When these two flows are 
exactly equal, the quantity of fluid stored in the vessel remains 
constant. In general, one of the flows will fluctuate and it will 
be desired to minimize the effect of such fluctuation on the other 
flow. For convenience it may be assumed that the inflow is the 
| )independently fluctuating quantity and that the outflow varies 
' in some fashion as a result, The reverse circumstance is equally 
significant, but the two problems are basically analogous and the 
treatment of one will suffice. 

In the case of a tank holding liquid, which for the sake of 
concreteness will be considered as typical of all possibilities,* the 
level at which the liquid stands is an indication of the quantity 


1 Director of Engineering, Mason-Neilan Regulator Co., Boston, 
Mass., formerly Director of Control Research, The Foxboro Company. 

2 Research Engineer, The Foxboro Company. 

3 Numbers in parentheses refer to the Bibliography at the end of 
_ the paper. 
: 4 Gas holders, steam accumulators, etc., can be subjected to the 
same reasoning as is here applied to surge vessels for liquid. 

Contributed by the Committee on Industrial Instruments and 
Regulators of the Process Industries Division and presented at the 
Annual Meeting, New York, N. Y., December 2-6, 1940, of THE 
AMERICAN Socinty or MrecHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 
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stored up in the tank. Thus the three variables, i.e., inflow, level, 
and outflow, may be taken as completely descriptive of the 
dynamic state of the system. The behavior of any two of these 
variables definitely determines the behavior of the third. In un- 
controlled surge vessels, the dynamic relationships between 
inflow and level, level and outflow, and inflow and outflow may , 
have all variety of forms. When a definite relationship of the 
proper type is enforced between the level and the outflow by 
the application of automatic control, it will be shown that the ef- 
ficiency of the surge vessel as a ‘‘shock absorber’’ can be increased 
to a remarkable extent. In such an application, it should not be 
considered that the level is being ‘‘controlled”’ in the conventional 
sense that a predetermined value of level is to be held to within 
close tolerances, nor indeed that the outflow is to be so controlled. 
In reality, the true objective of this type of automatic control is 
to maintain continuously an advantageous relationship between 
these two variables. 

Beginning with an uncontrolled vessel, having only “‘self- 
regulation,” the application of control is presented in stages lead- 
ing up to the full automatic-averaging-control installation. 
Each stage is accompanied by an illustration showing results ob- 
tainable in practical cases. Included in each figure is a diagram- 
matic sketch of the particular physical system considered. In 
every case the system shown comprises a vessel with a flow line 
leading to the vessel and a flow line leading from the vessel. In- 
dicating instruments are shown symbolically and are applied to 
the inflow, level, and outflow. The instrument applied to the 
inflow serves merely, in each instance, to give a continuous in- 
dication of that variable, whereas in some of the cases the level 
or the outflow or both are controlled as well as measured; this is 
shown by replacement of the indicator by a controller. 

The nature of the relationships among inflow, level, outflow, 
and time, under cyclic disturbances, makes it appear necessary 
to resort to the somewhat intricate involvements of classical 
differential equations in order to develop explicit quantitative 
expressions for these relationships. However, an investigation 
into the possibilities offered by the symbolic forms of Heaviside’s 
operational calculus discloses an uncanny applicability to these 
purposes. Thus, even though the details of the operational meth- 
ods themselves are beyond the scope of the present paper, such 
methods have been employed in the analytical development. For 
the benefit of those interested in the formal mathematics, a con- 
densed description of the operational procedure is given (in 
italics) in the text under its respective section. The final ex- 
pressions which give the over-all relationships under cyclic 
conditions are included in the main body of the text, which is so 
arranged that complete continuity is not lost by the reader who 
omits the mathematical development. 

If the validity of the final expressions can be established either 
by inspection or by actual usage, it is by no means necessary that 
the actual user even be concerned with their origin or the manner 
of their development, except for the personal satisfaction he might 
derive from a familiarity with the details of the mathematical 
machinery. Oliver Heaviside himself expressed this attitude in 
his famous query: 

“Shall I refuse my dinner because I do not fully understand 
the process of digestion?” 
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A major purpose of this paper is that of demonstrating to the 
practical industrial engineer, such as those who are actually con- 
fronted with averaging control problems, the extreme practicabil- 
ity of some of these simplified formulas. The practical, economic 
value of the formulas cannot, perhaps, be fully appreciated except 
by numerical substitution. The astonishing character of soundly 
derived mathematical results was expressed by Heinrich Hertz: 

“One cannot escape the feeling that these mathematical 
formulas have an independent existence and an intelligence of 
their own; that they are wiser than we are; wiser even than their 
discoverers; that we get more out of them than was originally 
put into them.” 

The formulas which describe the results under cyclic conditions, 
as presented in the text. contain only those factors which are 
‘ necessary to a practical determination of the over-all response. 
They have been simplified by logical assumptions. Much of the 
complexity and unimportant detail has been eliminated and 
emphasis given to those factors which are or may be influential 
in actual industrial applications. 

Consideration of sine-wave disturbances leads to the appear- 
ance of trigonometric functions in some of the mathematics. It 
is normal practice in much applied mathematics to express trigo- 
nometric angles in radians. Conventional trigonometric tables, 
however, are compiled in terms of angular degrees. For this 
reason a departure is taken from normal practice, in that the 
final forms are made to appear as dimensionless ratios of an ‘angle 
whose tangent is something” to an angle of 90°, or as (tan71X) 
/90°. 

From the simplified general formulas, some exemplary nu- 
merical results have been included in the figures. These results 
pertain only to the particular dimensions assumed for the surge 
vessel and to the particular nature and magnitude of the assumed 
disturbances. It is hoped, however, that these tabulations will 
serve to rationalize the complexities of the general problem. 

The following special nomenclature applies for the simplified 
text as well as for the formal mathematics. 


Novation, Drrritions, AND UNrtTs 


V = level above an assumed base; feet above bottom of vessel 
V, = normal or “desired” value of V 

6 = proportional or throttling band of V, ft 

r = reset constant, units per min 


Q, = inflow to vessel (total); gpm 


Q = outflow from vessel (total), gpm 
Qm = 172(Qmin + Qmax) = mid-value of Q 
k = (Qmax — Qmin) = band in which Q may be varied by 
controls, gpm 
d = diameter of vessel, assumed upright and cylindrical, ft 
A = capacity of vessel, gal per ft (= 5.88 d?) 
k = resistance to outflow (linear), ft per gpm 
R, = 6/k = equivalent “resistance” under control, ft per gpm 
t = time, min 
h = half-period of oscillation, min 


(X)’ = first derivative of X : 
(X)” = second derivative of X 
p = d/dt = differential operator 


Numericat VALUES ASSUMED ConsTANT IN ALL EXAMPLES 


V, = 5 ft (mid-value of allowable range of level variation) 
Qmin = 100 gpm 
Qmax = 300 gpm 


Qn = Y2(Qmin + Qmax) = 200 gpm 
k = (Qmax — Qmin) = 200 gpm 
d = two values considered = 4.125 and 8.25 ft 
A = two values considered = 100 and 400 gal per ft 


h = two values considered = 10 and 20 min 
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Test DisTURBANCES (IN INFLOW) APPLIED ror ALL Mopss OF * 
ConTROL 


To represent a wide variety of disturbances, the inflow is as- 
sumed to undergo three different sorts of variation, as follows: 
So-Called Condition (a) 

In a state of perfect balance, the inflow is assumed to change 
suddenly from a constant value of 200 gpm to a new constant 
value of 250 gpm 

This condition can be expressed mathematically as follows: 


Q, = 200 for (¢ < 0), Q, = 250 for (¢ > 0) 


So-Called Condition (b:) 

The inflow is assumed to be engaged in a permanent sine- 
wave oscillation about a value of 200 gpm at an amplitude of 50 
gpm and with a half-period of 10 min. 

This condition can be expressed mathematically as follows: 


t 
Q, = 200 + 50 sin | 10° a for (—2» <t < ») 


So-Called Condition (b») 
Same as condition (b;) but with a half period of 20 min. 
This condition can be expressed mathematically as follows 


t 


I =) 200 50 si 180° 
Q + sin | 50 
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SineLE Resistance-Capacity Unit as Surce VesseL; SELr- 
REGULATION 


An elementary resistance-capacity system of the sort described 


CoNoITiON (b2) 
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GNUATION (a) 


8 
GALS PER MIN 


wv 
LEVEL (IN FEET 


= 

= 

200} 

“ 

4 

<t 

Tool U@ 
j WARIS TIME IN MINS TIME iN MINS TIME IN MINS 
“fann oe ee 


Nomerica Sowurions No Exeticit CONTROL 


R= 002 feet /(gal/min) 


2 
A=588d CONDITION (a) conoiton Cb) ConorTion (b2) 
INFLOW ig 
Q 300-5. ((t<0) 200 +50 siafisct 2 200+ 50 sin[isc £2] 
s 
gals/min 25 OTE Ci OY Ch = 10 ms ) (h = 20 mins) 
1 at *setot ri 2 
LeveL pee Cass ase 5+ 0.983 sin[180 £2127 | 641 164 sin[isc' £52.38] 


10 


we | ROE, [ = 
{eet | Hoo “ 6.251 50 er NO 540 2¢0sin[les 4") | 540.611 sin{iso 1 $397 


u| shaig! & 
| - 2.40 
CRANE NT roves 0° = ae 


Qe —— -o101 7, 


gals /min (EE ~ 250 - 50e 


(420) 


ag 122.127 | 
20043732 six [isd <2 


200 +46 54 sin isc’ 238) 


5 «1-402 21-6 39 
200+ 15.17sinfi80 £22] | 2004.26.86 sn [isd 1-837] 


TIME- BOUNDARIES 


Ce2<t< oo) Goo<t<oo) 


Iie. 1 Sinerp Resistance-Capacity Unir as Sur@e VESSEL; 
SeLr-REGULATION 


in an earlier paper (2) by one of the authors can be considered in 
the role of a surge vessel. Fig. 15 shows such a system with indi- 
cating instruments on inflow, level, and outflow. 


5 In the curves of Figs. 1 to 8, full lines are for one capacity and 
dotted lines are for one quarter of the capacity (or one half of the 
diam). 
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Following the development in the earlier reference we may 
write 


The two following basic equations are obtainable by familiar 
_ methods from Equations [1] and [2] 


PANE (WV) tet Via FU Ne spel ee, Shel sie) see [3] 
AVA OY? 42 @ Sheen sadoosonHee [4] 


' Solutions, similar to those in the earlier paper (2), for the 
_ response of the level and the outflow, when the inflow is changed 
_ suddenly from a constant value of 200 gpm to a new constant 


_ value of 250 gpm, are shown by the curves under condition (a) 


of Fig. 1. The numerical equations given in the same figure, for 
the same assumed conditions, express the deviation of the level V 
\ from the normal value of V, = 5 ft and the deviation of the out- 
flow Q from Q,, = 200 gpm. 


* * * 


Operational methods can also be used for solutions of this sort 
and are especially useful when oscillatory disturbances are to be 
\ dealt with. Operational or symbolic calculus has been placed on 
a rigorous foundation and a number of excellent texts (8, 4, 5) are 
available which describe its application. From Equations [3] and 
[4], the following equivalent operational expressions are directly 
derived 


R 
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For a single sudden change in Q,, simple exponential solutions 


- can be obtained directly from Equations [5] and [6] as well as from 


Equations [3] and [4]. 

For steady sine-wave oscillations in the inflow, the amplitude 
and phase of the resulting oscillations of level and outflow are obtain- 
able by replacing p in the operators with the imaginary angular 
velocity (im/h). Briefly, if the operator then becomes (u + 1), 
the relative amplitude is given by ~/u2 + v2 and the phase angle 
by tan-1(v/u), while the true® lag in time units 28 —(h/m) tan~} 
(v/u). Thus for steady oscillations in the inflow the amplitude 
and lag response of the level and outflow can be obtained from Equa- 
tions |6] and [6] and are summarized as follows: 


Ampl. of V _ R 
Ampl. of Q. W/1 + @ 


where 
G = rAR/h 
Lag of V versus Q, = (h/z) tan (@) 
Ampl. of Q _ 1 


Ampl. of Q, 0/1 + @ 
Lag of Q versus Q, = same as for V 
* * * 


The equations expressing the values of V and Q under cyclic 
disturbances of the inflow must contain harmonic functions of 
time. These can be brought into the equations as sine functions 
of angular degrees. General forms for the equations of V and Q 
under the cyclic conditions (b:) and (b) may be written 


6 Time lag, as such, should not be given significance except in the 
case of sinusoidal oscillations, as here, or in the case of a pure time 
delay or distance-velocity lag (2). 
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V, + A,sin | 10° rad ee ee 


t{— 
Qn + A, sin 10° at) Oy cbt eat 


a 


(9) 


The expressions for use under cyclic conditions, which were 
developed as previously shown by operational methods, may be 
used to supply the following formulas for the new constants ap- 
pearing in Equations [7] and [8]. 


R X (Ampl. of Q,) 


AY il Se Ge 


= level variation in feet 


A, = Ampl. of V = 


(Ampl. of Q,) 


V1+@ 


= outflow variation.in gpm 


A, = Ampl. of Q = 


Es h tan—! (G@) 


90° time in minutes by which cycles of 


V and of Q lag behind the cycles of 
Q, 


The constant G depends upon the characteristics of the process 
and upon the half-period of the inflow oscillations. Its numerical 
value is given by 


AR 
G = 3.14 — 
h 


The quantities “Ampl. of V,” ‘“Ampl. of Q,” and ‘“Ampl. of Q,” 
are the magnitudes of the maximum variation of these variables 
on either side of their mean values, i.e., one half of their total 
variation. 

The results of numerical substitution in the general formulas, 
for the assumed conditions (b;) and (be), are included in Fig. 1, 
together with the curves of their solutions plotted against time. 
These curves show that the level and the outflow oscillate exactly 
in phase with one another, but that they are out of phase with the 
inflow. 

The principal merit of this arrangement as a surge-absorbing 
system lies in its simplicity. Smoothing of the outflow versus the 
inflow is not impressive. The level can reach an eventual balance 
anywhere in the vessel, depending upon the average value of the 
inflow. 


INDEPENDENT ConTROL OF THE OUTFLOW 


In this case a flow controller is installed directly on the outflow, 
as illustrated in Fig. 2, and is assumed to be completely successful 
in maintaining this flow at a constant value. 

From the universally valid Equation [1] 


(Vey = (OO) Ane tence eee (9] 


Where the mean flow Q,, is the constant value at which the out- 
flow happens to be controlled. Equation [9] may be written as 
the indefinite integral 


v= f @— ana 


which is equivalent to the statement that the level “integrates” 
the excess of the inflow over the controlled outflow, and does so in 
inverse proportion to the capacity of the vessel. 
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Fig. 2 Limiting Case; INDEPENDENT ConTROL OF OUTFLOW 


For a sudden sustained increase in the inflow Q, above Qm, 
that is for condition (a), it is evident that the level assumes a 
constant rate of increase which depends upon the capacity A, as 
shown in Fig. 2. 


Operationally 


In the case of continuous oscillation of the inflow Q,, under condi- 
tions (b;) and (bs), the level response may be found by direct integra- 
tion or by the formal p = i/h substitution already employed. Thus 
for sine-wave oscillations, we obtain the following response 


Ampl. of Vo oh 
Ampl. of Q, 7A 
Lag of V versus Q, = (h/) tan-1(~) = h/2 
ON eee (Constant) 


* * * 


The general form of the equations for the cyclic conditions (61) 
and (b,) are 


V =V, + A, sin | 180" ae ih a (7] 


Q = Qn 


in which 


A, = Ampl. of V 


h 
0.318 7 (Ampl. of Q,) 


level variation in feet 


i See 
a oer time in minutes by which the cycles of V lag behind 
cycles of Q; 


The results of numerical substitution in the general Equation 
[7], for the assumed conditions (b:) and (b.), are given inj Fig. 2 
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together with curves of their time solutions. The behavior in 
this case under cyclic conditions (61) and (bz) represents the limit- 
ing case of ‘“‘perfect’’ averaging operation, based on oscillation of 
the inflow about a constant mean value. It is interesting to note, 
from the formulas for A, and T7,, that the level variations are 
directly proportional to the period of the inflow variations 
and inversely proportional to the capacity or area of the vessel, 
and that the cycles of the level are exactly one-fourth period out 
of phase with the cycles of the inflow. This is evident also from 
the curves. 

With this type of control, perfect smoothing of the outflow 
with respect to the inflow is made inevitable by the application of 
the flow controller on the outflow, but no recognition is taken 
of the level, which will gradually rise or fall, even to limits, de- 
pending upon the difference between the accumulated average 
of the inflow and the value at which the outflow is controlled. 

In practical application of this method, periodic manual re- 
adjustment of the controlled outflow may in some cases be a 
satisfactory mode of operation, especially when the magnitude 
or the period of the oscillations encountered compares favorably 
with the size of the vessel. Such readjustment amounts to match- 
ing the controlled outflow to the average of the inflow taken over 
considerable periods of time. The aim of automatic averaging 
control is to make such readjustment continuous and automatic, 
to approach as nearly as possible to perfect smoothing of the out- 
flow versus the inflow, consistent with keeping the level con- 
tinuously within the vessel. Returning the level to a predeter- 
mined central value is also desirable as well, since this will per- 
mit optimum absorption both of sustained changes and of sudden 
surges, irrespective of the direction in which these occur. 


INDEPENDENT CONTROL OF THE LEVEL 


Automatic control of a system involving only a single capacity 
unit can be carried out to any desired degree of effectiveness, 
even with types of control which in an operating sense may be 
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called elementary. The problem is one exclusively of rapid 
measurement and manipulation. In Fig. 3 such a control system 
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is assumed to be applied to maintain a constant level in the vessel. 
The level controller itself might have, for example, a proportional 
characteristic with an extremely narrow proportional or throttling 
band. In this sense the equations which are given later for pro- 
portional control may be considered to apply here, but with an 
extremely small value of proportional band b. Whatever means 
seem most proper actually to achieve a substantially constant 
level, we are for the moment concerned only with the effect on the 
outflow. As shown graphically in Fig. 3, this degree of level 


“4 control is acquired at the cost of full variation of the outflow. 


The latter flow essentially duplicates the inflow, even to the point 
of being in phase with it. 

From the point of view of automatic averaging control this 
example represents a limiting case, opposite to that of Fig. 2, 
and is brought in only as a logical step in the development. 

Theoretically, the magnitude of the outflow variations is in- 
dependent of the area of the vessel. Only the practical impossi- 
bility of reducing the proportional band precisely to zero, or 
some imperfection in the operation of the controls, could cause 
any reduction in the amplitude of the outflow cycles. 


CaScADED CoNTROL 


The term “cascaded control” appears appropriate to describe 
in general a system of control whereby the operating means of 
one controller automatically adjusts the control-point setting of 
one or more succeeding controllers, intermediate between the 
initial or master controller and the final controlling means or 
manipulated variable. In averaging level control, this would cor- 
respond to allowing the operating means of the level controller 
to “set the control point of” a special flow controller on the out- 
flow. 

Such inclusion of an auxiliary flow controller for the outflow 
has the advantage that it eliminates any direct dependence of 
the outflow upon the behavior of the level, or on external-pressure 
relationships such as changes in the drop across the outlet valve. 
It also eliminates similar dependence of the outflow upon what- 
ever pressure may be impressed on the liquid surface, as shown 
symbolically in the last two figures of the paper. This method is 
a recognized procedure in control technique. 

In the remaining examples it will be assumed, as in the earlier 
paper (6), that the cascaded method of control is employed. 
Thus, it is assumed that the “control point” of the flow controller 
on the outflow is set throughout its operating range by the 
operating means of the level controller, and that the relationship 
thus formed is uniform within that range. 


PROPORTIONAL CONTROL OF THE LEVEL, CASCADED 


If the level instrument is assumed to be a proportional con- 
troller, as described in paper (6), we may write the controller 
equation as a relationship between the level V and the outflow 
Q, or as 


Q—Q., = (k/b)(V — Va). +. - eee eee [11] 


where (Qmin < Q < Qmax), and in which it is assumed that the 
proportional band 6 is so located that V, is in the middle of that 
band. 

Combining Equation [1] for the “process” with Equation [11] 
for the contraller and making the substitution 


: Riagseib Ox. a ecivaleieh ateds DR ae [12] 

gives for the level and the outflow, respectively 
Many —V,) HY hs) = R,Q,—9,)- +2: [13] 
ARQ —Qm)’ + (Q—Qm) = Qs—Qm)-- +++: [14] 


Equations [13] and [14] are similar to Equations [3] and [4] for 


the resistance-capacity unit. This fact is no coincidence as the 
systems are directly analogous. The ratio (b/k) for automatic 
control is analogous to the resistance R under self-regulation and 
may be thought of as an equivalent “resistance” R,, so desig- 
nated in the nomenclature in order to emphasize the analogy. 

The response of the level and the outflow to the sudden sus- 
tained change in the inflow is obtained precisely as in the analo- 
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gous case under self-regulation. The results are shown under 


condition (a) in Fig. 4. 


* * * 


In operational form, Equations [13] and [14] become 


R, 
V Wen = 1 at AR,p (= Qn) ave etoh eis .etalte {15] 
ea Ora aie 116] 


Om TEARS 


Equations [15] and [16] are similar to Equations [5] and [6] 
for the resistance-capacity unit. The attenuation, or amplitude 
ratio, and the lag involved in the response of the level and outflow to 
continuous oscillation of the inflow are also given by analogous ex- 
pressions and may be written 


Ampl. of V _ R, 
Ampl. of Q, +/1 + G@ 
where 
(G = rAR,/h) 
Lag of V versus Q, = (h/7) tan~? (G) 
Ampl. of Q _ 1 


Ampl. of Q, ‘Z V/i + @ 


Lag of Q versus Q, = same as for V 


* * * 
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General equations for V and Q under cyclic conditions (b;) and 
(b2) may again be written 


t—T 
V=V,+A,sin | 10° al ee es [7] 


Q=Q, +A, sin 10° a | wee. [8] 


The numerical values of the constants in these equations may be 
determined from the following formulas z 


R, X (Ampl. of Q,) 
Vi + @ 

= level variation in feet 

(Ampl. of Q,) 


Vi+@ 


= outflow variation in gpm 


A, = Ampl. of V = 


A, = Ampl. of Q = 


htan7! 
T, =T,= ee = time in minutes by which cycles of 
90 V and of Q lag behind cycles of Q, 
in which 
AR 
G = 3.14 — 
h 


For the numerical examples considered 
R, = 0.005 b and 


b 
G = 0.0157 e 


Results of numerical substitution in the general equations, for 
the assumed conditions (bi) and (bz), are included in Fig. 4, to- 
gether with curves of the time solutions. 

It is evident that the remarks already made on the performance 
of the simple resistance-capacity system, Fig. 1, apply almost 
equally well here. The use of the proportional type of level 
controller in this application merely imparts to the vessel a 
definite, mechanical, self-regulating property similar to that of the 
resistance-capacity system shown in Fig. 1, while the use of 
“cascaded control,’ as described, prevents alteration, by pressure 
changes in any form, of the already limited averaging character- 
istics of the system. In the case illustrated in Fig. 4, the propor- 
tional or throttling band is made equal to the full allowable 
range of the level. For proportional bands narrower than this 
value, the smoothing of the outflow is even less effective. Wider 
proportional bands, on the other hand, would not permit balance 
of the level within the allowable range, or within the confines of 
the vessel, for all values of inflow, even under steady conditions. 

When the range of the instrument is so selected that it fits the 
allowable range of level variation, a proportional band having a 
width equal to this range, such as that chosen in Fig. 4, is gener- 
ally referred to as a ‘100 per cent throttling range.” From the 
viewpoint of averaging control this so-called 100 per cent 
throttling controller has a very limited ability toward smoothing 
of the outflow. Some of the limitations are shown by the follow- 
ing observations: (a) If the outlet resistance R of Fig. 1 had been 
located 5 ft below the bottom of the vessel, the value of R to 
give the same level in balance would have been equal to that of 
R, in Fig. 4, and the results of self-regulation and of the 100 per 
cent throttling control would have been identical. (6) If, in such 
a system as is illustrated in, Fig. 1, a constant static pressure of 
approximately 2 psi had been exerted on the liquid surface, the 
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results of self-regulation and those of 100 per cent throttling 
control would have been identical. (c) The square-root char- 
acteristics of an ordinary valve, which could replace the re- 
sistance R in the system of Fig. 1, and which could be adjusted 
to give a level of 5 ft for a flow of 200 gpm, would provide the 
same averaging effect at the center of the level range as does the 
100 per cent throttling control, although it would give less 
averaging at levels below the center and more above it. 

Methods (a) and (b) of the preceding paragraph could be ex- 
tended to increase the averaging effect throughout the allow- 
able level range. This would be accomplished, however, at the 
cost of limitation of the range of inflow variations which would 
permit the level to remain within the allowable range. Adjust- 
ment of the outflow resistance in connection with any of methods 
(a) to (c) permits establishment of the value of the level for a 
given outflow and a given pressure drop across the resistance but 
does not permit adjustment of the range of level variation for a 
given variation of the inflow. The really practical advantages 
in using an automatic control instrument with adjustable pro- 
portional or throttling band lie in the fact that the level variation 
may be retained within a definite range for any specified varia- 
tion in the outflow, and regardless of the pressure drops existing 
across the valve. The maximum capacity of the valve is the only 
factor limiting the range of outflow variation. 


PROPORTIONAL-PLUS-FLOATING CONTROL OF THE LEVEL, 
CascADED 


For automatic averaging control, it is evident that there is a 
real advantage in the use of a level controller which controls to a 
single ultimate value rather than to within a band of values, 
i.e., in the use of a controller which has point-stability rather than 
band-stability alone. The severity of the corrective measures set 
up by such a controller may be moderated without simultane- 
ously spreading out the band in which the level can ultimately 
balance, as is the case with the proportional form of instrument. 
The proportional-plus-floating type of controller, known to be a 
versatile form in other applications, fits this requirement and will 
be considered in an installation similar to that of the preceding 
section. The level controller, this time with a proportional-plus- 
floating characteristic, is again assumed to operate by setting the 
“control point”’ of a controller on the outflow. 

As described in the authors’ previous paper (6) and for the 
present installation, the proportional-plus-floating controller 
may be identified by the following equation 


(Q)’ = &/O)I(V — V4)! + r(V— Vy). eee [17] 


in which k and 6 have already occurred, and in which r is the so- 
called reset constant. 

It should be pointed out that the proportional or throttling 
band 6, as defined in paper (6), need not exist in an entirely tangi- 
ble form. The expressed value of this band may be considerably 
greater than the full available range of the level, in which case 
the controls act as though the full extent of such a band were 
really effective. This places no permanent restriction on the 
performance of the proportional-plus-floating controller since in 
operation this band is automatically moved in such a way that 
the level returns to the normal value for balanced conditions. 

To determine the properties of the system under this form of 
control, we may combine Equation [17] for the controller with 
the “process” Equation [1]. By methods described in detail in 
the earlier paper (6), one obtains for the level V 
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ARQ — Qn)” + (Q — Qn)’ + r(Q — Qn) 


= rQ, rane Qn) =F (QQ, : [19] 


7 One es! 

From the integration of these differential equations, we may 
determine the response of the level V and of the outflow Q when 
sudden changes occur in the inflow Q,. The curves under condi- 
tion (a) in Figs. 5, 6, 7, and 8 represent the response of the 
level and the outflow following the usual sudden disturbance, 
when various magnitudes of proportional band b and reset 
constant r are assumed for the proportional-plus-floating level 
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controller. The numerical equations from which these curves 
were computed are included in the figures. 


* * * 
In operational form, Equations [18\ and [19] become 
= ee Cae . ——— 
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When a sudden change occurs in the inflow Q,, the response of 
the level V and of the outflow Q may be found by classical methods 
from Equations [18] and [19} or by standard operational methods 
from Equations [20] and [21]. Under equilibrium conditions, 
after all transients have faded out and all derivatives have become 
zero, it is evident that V = V,, and that Q = Q,. Thus the level 
will ultimately balance out at the desired value for all of the values 
of flow. 

As before, the response under permanently oscillatory conditions 
may be found by setting p = ix/h in the operators of Equations 
[20] and [21]. For level and outflow, respectively, the operators 
yield the following complex expressions, where G = 1rAR,/h and 
H = rh/a 

[1— iG — WIR, 


Usp (Ge == Je) 
1 HE == 
ae (Gr Je)” 


From these complex expressions, the amplitude ratios and the 
relative time lags may be found by methods already described. This 
information is completely descriptive of the behavior of level and 
outflow when the inflow ts assumed to follow a given permanent 
harmonic oscillation about a constant mean value. Thus we find 
the following 


Ampl. of V | R, 
Ampl. of Q, 4/1 + (@— H)? 
Lag of V versus Q, = (h/) tan! (@ — A) 


ue 1 + ? 
Ampl. of Q, Y1+(G@— 4H)? 
Lag of Q versus Q, = (h/7) tan~! [G/(1 — GH + H?)] 


* * * 


As in the previous cases, the general equations for V and Q 
under the cyclic conditions (b:) and (b.) may be written 


7 
V=V,+4,sin 10° =| chee tare. [7] 


Q = Q, + A, sin | 10° al ee. [8] 


The equations for the constants in these equations are again 
taken from the operational development, as outlined, and can be 
given as 


R, X (Ampl. of Q,) 
WAIL Se (Gp == 120 


= level variation in feet 


1+ 
A, = Ampl. of Q = (Ampl. of @) X Vi G@_ ap: 


= outflow variation in gpm 


h tan—1 (4 — H) 


A, = Ampl. of V = 


T,= 5 a = time in minutes by which cycles of V 
90 lag behind cycles of Q, 
htanz) [G/(1— GH + H? 
T, = 5 anal Gxt 90° rena = time in minutes by which 


cycles of Q lag behind 
cycles of Q, 


TALE 
in which G = 3.14 ‘ “and H = 0.318rh 
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Compared to those for the case of proportional control, these 
equations have become more complex, due to the inclusion of the 
reset constant 7, but it is interesting to note the nature of the 
changes and the fact that the equations will reduce to those for 
proportional control on substituting r = 0. An important differ- 
ence is that the cycles of the level and those of the outflow are no 
longer in phase with one another. 

In Figs. 5 through 8 are shown numerical and graphical ex- 
amples of the application of the general formulas obtained. Four 
different cases are taken, covering four different sets of adjust- 
ments incorporated in the proportional-plus-floating level con- 
troller. Otherwise the conditions assumed are the same as were 
those for the previously considered system. The values of 
(effective) proportional band b and of reset constant 7 assigned in 
the various cases are given in tabular form as follows: 


Proportional band Reset constant 
(0) (r) 


Gase da | URio™ 5D) mer amieiele sets 
@ase Th (Ung. Oe eee eo ee 


Caselli Bis. S) ccmtomwiaw is. ah 
CaselyV Chig. 6). nce ees cts pos 


30 Ft (300 per cent) 
30 Ft (300 per cent) 
60 Ft (600 per cent) 
60 Ft (600 per cent) 


0.15 Inverse min 
0.05 Inverse min 
0.15 Inverse min 
0.025 Inverse min 


With proportional bands wider than 100 per cent, it is neces- 
sary to consider the effect of sustained changes in the inflow. 
Figs. 5 through 8, under condition (a), show the response of the 
level and the outflow following a sudden sustained change in the 
inflow. After such a change, the duty of the installation is to 
bring the outflow as smoothly as possible into equality with the 
new inflow, and also to return the level to the normal value. 
The more time allowed for these operations, the better the duties 
of smoothing may be performed. Shown in the figures are the 
initial portions of the level and outflow transients following the 
instantaneous disturbance of condition (a). 

In case III, Fig. 7, and in case IV, Fig. 8, the size of the sud- 
den change in the inflow is such that (for the low-capacity vessel) 
the level reaches its high limit in about 16!/2 and 121/2 min, re- 
spectively. The practical design of proportional-plus-floating 
control instruments, capable of utilizing such excessive magni- 
tudes of proportional band, must include mechanical means for 
decreasing the effective “throttling range’ in the immediate re- 
gion of the high and low limits. Details of such mechanism 
and of its operation are discussed in the paper (1) by J. B. Mc- 
Mahon. 

It is readily evident that the general equations for the eyclic 
conditions can be put to practical use in determining many of the 
important relationships in actual averaging-control installations. 
The substitution of known factors permits concrete determination 
of other factors or relationships between them, as in connection 
with (a) vessel areas to give desired smoothing of the outflow for 
various types of instruments; (6) periods and magnitudes of os- 
cillation which could be tolerated in existing installations; (c) 
economic considerations of instrument investment against in- 
creased equipment costs, etc. 

The particular process and conditions selected for considera- 
tion in this paper illustrate many of the common circumstances 
met with in commercial installations. Much general information 
can be gained by exploring the hidden ‘‘intelligence” of these 
equations. Space will only permit us a brief discussion of one 
series of observations which appears to shed light on the nature of 
desirable instrument adjustments. 

Under case I, Fig. 5, the response for the smaller vessel and 
the longer period of oscillation shows that both the level and 
the outflow variations have been increased over those for the 100 
per cent throttling control, Fig. 4, although the proportional 
band has been trebled. Furthermore, the level variation has been 
increased beyond that of Fig. 2, where the outflow was perfectly 
constant. This circumstance is a result of the fact that the reset 
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constant is too great for the existing conditions of vessel area and 
period of oscillation. 

In case II, Fig. 6, the reset constant is made one third of its 
value in case I, Fig. 5, but the proportional band is kept at the 
same value. For the same vessel area and period of oscillation, 
a marked improvement is discernible in the variation of the out- 
flow. Some reduction is also made in the level variation, al- 
though this variation is still in excess of that for the ideal case of 
Hig. 2: 

In case III, Fig. 7, the proportional band is increased to 6 
times that used in the 100 per cent throttling control, Fig. 4, 
or to twice that used in cases I and II, Figs. 5 and 6, but the 
same reset constant is applied asin case I. A still further reduc- 
tion in outflow variation is obtained, but the variation of the 
level is greater than that of case II, Fig.6. This means that the 
reset constant could still be reduced. 

In case IV, Fig. 8, the same proportional band is used as in 
case III, Fig. 7, but the reset constant is reduced to one sixth 
that of case III, Fig. 7, or to one half that of case II, Fig. 6. 
Another marked improvement is evident in the smoothing of the 
outflow variations, as well as a further reduction in those of 
the level. It is interesting to observe, in this case, for both of the 
vessel areas and for both periods of inflow oscillation, how 
closely the magnitude and lag of the level variations have ap- 
proached those seen under the ideal case of constant outflow, 
Fig. 2. 

Even this brief introductory treatment and these few observa- 
tions seem to have established certain of the characteristic proper- 
ties of the proportional band and reset adjustments in connec- 
tion with automatic averaging control. The authors feel that a 
considerable amount of investigation remains to be done in this 
direction and that such work could be of tremendous practical 
value to those in industry who are faced with averaging-control 
problems. We have only endeavored to point out a possible ap- 
‘proach. Even from the quantitative material presented here, 
tables could be compiled or charts prepared which would facili- 
tate the engineering of installations. 
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Discussion 


E. §. Swra.? From the paper it appears that the use of a 


7 Patent Agent, C. J. Tagliabue Mfg. Co., Brooklyn, N. Y. 
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proper controller makes it possible to reduce simultaneously 
both the outflow and level variations, a conclusion which warrants 
discussion since the level variations in the reservoir are the 
means for reducing the outflow variations. The following con- 
sideration of phase differences shows that this conclusion is cor- 
rect. 

Let us investigate the phase angle or lag with a harmonic 
variation of inflow to a tank or reservoir for several cases, some 
of which were noted in the paper. A simplifying assumption is 
that changes in level do not appreciably affect either the inflow 
or the outflow, i.e., that there is negligible self-regulation. 

Case I. Outflow Valve Held Steady. The outflow rate is held 
steady at the average rate of inflow. The level variations lag 90 
deg behind those of the inflow and their amplitudes vary inversely 
with the area of the tank. Let 


qm = inflow variation from mean rate, cfs 
g@2 = outflow variation from mean rate, cfs 
h = level variation from mean position, ft 
t = time, sec 


Cage II, simple proportional control with nearly 90° phase 
snift due to small outflow and large level variations. 


--reversed or (-). 


proportional COMP -=Qon 


rate or differential 
comp *=Gon! 


Case IV, vrovortional-plus-differentiating control. 


Fic. 9 Diacrams IntustTRatTiInG PHass ReLaTions Wi1TH VARIOUS 
ConTROLLERS, Caszs I-IV 


situation is shown in Fig. 9 (freehand curves being used as ade- 
quate for this discussion). 

To hold the level constant requires that the outflow be con- 
trolled at a point exactly equal to and in phase with the inflow. 
Then there is zero instantaneous net inflow or difference of 
inflow and outflow at any moment. Since there would then be 
no change in the level, it cannot be used to control the outflow to 
regulate perfectly the level; instead, for perfect level control, the 
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outflow can only be controlled by an inflow meter. However, in 
practice the level can be controlled very well by the use of high- 
sensitivity controllers which are governed by the level. 

Case II. Proportional Control With Large Level Variations. 
The outflow is varied in phase with the level in simple corre- 
sponding (i.e., proportional or throttling) control. As long as 
there is negligible effect of the outflow on the phase of the level, 
both the level and the outflow will lag 90 deg behind the inflow. 

Case Ila. Proportional Control With Large Outflow Variations. 
As in case II, the outflow is varied in phase with the level. How- 
ever, as shown in Fig. 10 of this discussion, the outflow changes so 


Fie. 10 Simpite ProportionaL Controt WiTs Less THan 90 
Dre Poase Suirr Dur to Large OuTrLow AND SMALL LEVEL 
VaRIATIONS, CasE Ila 


much that it causes the instantaneous net inflow g (which equals 
91 — q) to lead the inflow. Both the level and the outflow lag 90 
deg behind the net inflow q and lag behind the inflow by L, which 
is appreciably less than 90 deg. 

If an unconventional device be used so that the outflow lags 90 
deg behind the inflow and the amplitude of both flows is identi- 
cal, it is evident from inspection that the net inflow qg would lead 
the inflow by 45 deg and the level h would lag the inflow by 45 deg. 
Of course this device is different from the proportional controller 

‘which has the outflow in the same phase as the level. 

With proportional control, the lag depends upon the ratio b of 
the flows q to qi and the area of the reservoir. With unity area of 
reservoir and the size of the outflow valve such that the ampli- 
tude of the outflow variation is in the ratio 6 to that of the inflow 
variation, and b is less than unity, the net inflow q is 


| EN hes 


The term q is directly and continuously proportional to h in a 
simple proportional controller and, from an axiom to be stated 
later, is a simple harmonic function of the same period as q so that 

© = sint —b sin ¢—L) Tet ees [25] 
from which h and L can be obtained by integration, taking vec- 
torial account of the following considerations. Since the lag L 
is, loosely, the time required for the level to change enough to 
operate the outflow valve upon a change of the inflow rate, the 
lag increases with an increase of the area and of the amplitude 
of the inflow variation. An increase in the size of the outflow 
valve gives an increase in the outflow variations and causes a 
decrease in the amplitude of the level variations, and hence 
of the lag. 

Case III. Integrating or Floating Control. A brief consideration 
of the effect of adding a differentiating component best shows the 
limitations of an integrating control. If the regulator be pro- 
vided with a differentiating device so that the outflow varies con- 
tinuously with the rate of change of the level, each outflow varia- 
tion obviously can be brought more nearly into phase with each 
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inflow variation and the level variation may be made as small as 
will serve to actuate the differentiating device so that it governs 
the controlling of the outflow. The differentiating device may 
be a leak-shunted differential bellows, a disk-driven threaded 
roller, or any equivalent means. 

Offhand, an integrating device with a reverse-acting outflow 
valve might seem to be an equivalent of a differentiating device, 
since the valve lags 90 deg behind the level variations (which lag 
up to 90 deg behind the inflow variations) and, hence, 180 deg 
behind the inflow variations, neglecting the effect of outflow 
variations upon the phase of the level variations. For this case 
(Fig. 9, case III), the change of sign brings the outflow varia- 
tions into phase with the inflow variations. With this change of 
sign, with inflow q = sin t as in Equation [22], and with the 
sensitivity equal to the area A, to have the amplitude of the 
outflow nearly equal to that of the outflow so that the net inflow 
is nearly in phase with qm, then following Equation [23] 


1 
@ = fava f-3 sin = dt = —sin (t — 7) 


= FSI Ei crege tree [26] 


Since a sudden change of inflow causes a serious lag and possibly 
a controlling impulse in the wrong direction, a reverse-acting 
integrating device is not a practical equivalent of the differentiat- 
ing device. With a direct-acting outflow valve of the same sensi- 
tivity, the changes of level are much larger but the device is re- 
liable. 

The servomotor of a floating-type controller acts as an in- 
tegrating device. An integrating effect is produced by metering 
lag with a simple corresponding (or proportional) regulator. 
Some years ago, the writer was required to make such a level 
regulator work on the settling basin of the waterworks at Red 
Lion, Pa., where the required sensitivity was high and there was 
considerable metering lag with the regulator as originally in- 
stalled. After testing the device, a mechanic had hooked the 
valve up backwards so that level control within fairly narrow 
limits was obtained for a short time. Occasionally, however, the 
regulator would open wide or close off the outflow valve so that 
this empirical “solution” was, of course, unsatisfactory since 
closing this valve shut off the town’s entire water supply. In 
this case, the regulator operated satisfactorily as soon as the 
metering lag was greatly reduced and the outflow valve was made 
direct-acting. 

Case IV. Proportional-Plus-Differentiating Control. The cus- 
tomary types of reset regulators include a proportional follow-up 
of some sort to insure initial correspondence and, hence, to prevent 
overtravel of the final controlling element following a sudden 
change of the sensed or measured variable. They also include a 
differentiating device to advance the phase of the controlling 
element toward that of the pertinent variable. In addition to 
the metering lag, some lag is bound to exist with such regulators 
for level control since there is always an appreciable effect of 
the follow-up component. In other words, while the proportional 
follow-up component does not produce lag as regards the follow- 
ing of level variations, it does as regards the following of inflow 
variations. From this it is evident that an appreciable dif- 
ferentiating component is essential for the control of level 
within minimum limits. 

In the common case of ‘‘averaging level control,” the outflow 
variation is kept within minimum limits and as much “slack” 
as possible is taken up by level changes within the capacity of the 
tank or reservoir. Even though, offhand, it might seem to be 
impossible to alter the adjustment of a reset-type controller to re- 
duce the variations of both the outflow and the level, this can be 
accomplished as shown in Fig. 9, case IV, by changing the phase 
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relation between the variations of the level and of the outflow. 
This follows from the vectorial axiom that the sum of harmonic 
curves of the same period but of different phase produces a 
resultant simple harmonic curve of an intermediate phase and an 
amplitude which depends upon the algebraic sum of the com- 
ponents, i.e., when the phase difference between the component 
curves is from 0 to 90 deg, the resultant amplitude is increased 
but, when it is from 90 to 180 deg, the resultant amplitude is de- 
creased. No further mathematical analysis is believed to be 
necessary to establish the functioning of such a phase change. 

In regulation, generally, the function of reset is simply to de- 
stroy gradually the momentary correspondence, by which the 
follow-up gives stability, in order to restore asymptotically the 
sensed variable precisely to its set value. In the regulation of 
level (or for other cases involving single-capacity systems), the 
reset has the particular function of determining the inflow rate 
from the rate of change of the level in addition to that of return- 
ing the level to the same point. Such a reset acts much as does 
an inflow meter. This point was originally brought out in an 
A.S.M.E. paper prepared by R. P. Lowe and E. S. Smith on level 
control by an asymptotic reset controller, which paper was read 
at the Providence meeting of October, 1938, and showed that such 
a controller acted much as does one which follows the net inflow 
or difference between separately metered values of the inflow and 
outflow rates. 

Where the initial response is less than the total response ulti- 
mately required, the reset must act to move the outflow valve 
further in the same direction; and, where the initial response is 
more than the total response ultimately required, the reset must 
act to move the outflow valve in the reverse direction from that 
of its initial response. However, in both cases the reset will re- 
turn to rest at a particular point and act to restore the level to the 
same point. Averaging level control ordinarily has an inadequate 
initial response, and hence must have the delayed response in the 
same direction as the initial response. 

The value of the paper and the excellence of its mathemati- 
cal treatment are self-evident. Such mathematics is of course, 
necessary for a definitive treatment of the subject. However, the 
curtailed mathematical presentation of this discussion is sub- 
mitted without apology in an effort to place the treatment of 
this subject on a plane which is completely understandable to 
those who, like the writer, work with it only occasionally. While 
this discussion has adopted the authors’ convention of a steadily 
hunting inflow to allow lag to be expressed as a phase angle, it is 
appreciated that a yet simpler or less artificial analysis may be 
possible through the use of the authors’ sudden single change of 
the inflow instead of the cyclical change. 

The references at the end of this discussion may prove helpful 
in a study of the subject. In addition to those mentioned, the 
works on oscillating phenomena in connection with heat transfer 
by Ivanoff and by De Juhasz are well known. The treatment of 
the subject in all the references cited, like that of the paper itself, 
is more involved than the writer’s which is intended to be limited 
to the effect of phase shifts in level controlling. 
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E. W. YerTer® anp J. C. Persers.® Ina previous paper by A. F. 
Spitzglass,!° the feasibility of calculating the results to be ex- 
pected in applying floating or proportional position control to a 
single-capacity process was demonstrated. The authors have 
now extended this to proportional-plus-floating control, which 
mode they show to be advantageous for control of level when it is 
desired to keep the outflow as steady as is possible without per- 
mitting undue variations in the level. 

The authors’ consideration of the effect of a sine-wave disturb- 
ance of the inflow has suggested to the writers the possible ad- 
vantage of considering this as an electrical problem by mathemati- 
cal analogy. Such analogy has been found to be very useful in 
other branches of applied physics, because of the high degree of 
development of mathematics applied to electrical problems. 

It is found that, for the case of proportional-plus-floating 
control and a sine-wave disturbance of the inflow, the ordinary 
mathematics of alternating currents suffices. The nature of this 
approach will be briefly indicated since it may prove useful in a 
further development of the subject. In what follows, the readily 
obtainable solutions for phase angles will be omitted because it 
appears that they have little or no practical significance in this 
connection. 

The combined process-and-control equation may be written 
in the form 


AMES Neti) ae Ie Cio eoowerounes [27] 
where x = deviation of level from set point, ft 
A = area of surge tank, sq ft 
k, = constant for proportional control, cfm per ft 
k, = constant for floating control, cfm per ft per min 
gq: = inflow rate cfm 


The dots indicate time derivatives. 
An electrical equation analogous to Equation [27] is 


wherez = current 
L, R, and C are electrical inductance, resistance, and 
capacitance, respectively 
é: is the impressed voltage 
This is the equation of the simple R, L, C circuit shown in Fig. 
Coe 
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Fre. 11 Diagram SHowine ExectricAL ANALOGY FOR CASE OF 
PROPORTIONAL-PLUS-FLOATING CONTROL 


11 of this discussion. Equivalents from Equation [27] are indi- 
cated in Fig. 11. The steady-state solution for the electrical case 
when 
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The amplitude for level variations is, by analogy 
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where w = a and T = period of sine-wave disturbance, min. 


xX = 


(Capital letters uniformly represent amplitudes of sine-wave 
variations of quantities represented by corresponding small 
letters.) 

The solution for the amplitude Q2, of the variation in outflow, 
q@ is obtained by noting that this is merely the result of the mode 
of control working in accordance with the variations of level 
given by Equation [80]. It is, therefore, the result of impressing 
the current 7 on a circuit representing the law of control. The 
output flow is analogous to the voltage which appears across 
this circuit, as a result of the impressed current. The law of the 
controller is 


Heigl d = Uhsgsgs6 30 ac uos naan Be 

An analogous electrical equation 1S 
CACC Meee 2 [82] 
Rit = & . 2 

Ce 


This is the equation of the series R, C circuit shown in Fig. 12. 
Equivalents from Equations [31] and [32] are indicated in Fig. 12. 
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Fig. 12 Diagram or Exvectrican Crrcurr ANaLoaous To THE LAw 
OF THE CONTROLLER 


The impressed current is 7 = J sin wt and the amplitude of vol- 
tage é is given by 


Substituting for current J its value from Equation [29] and put- 
ting the result in the form of the ratio of the two voltages gives 


The ratio of the amplitudes of the sine waves of output and input 
flow is then, by analogy 
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Equations [380] and [85] are equivalent to equations found in 
the paper under discussion. Written in this form, it is immedi- 
ately evident that the equivalent of an electrical or mechanical 
“resonant” effect may be obtained by varying the period of the 
input flow. A maximum amplitude of level variation will take 
place when 


k 
By oe IG, 
@ 
and the period is 
A 
{i = Big \! + ogc Bledeshe.s ssarewt erate [36] 


It will be noted that the equation for H:, obtained from Fig. 
12, is also obtainable from Fig. 11 as the voltage across the re- 
sistance and capacitance in series. A single circuit may there- 
fore be used to write equations for both level and outflow. 


AuTHORS’ CLOSURE 


Due to the absence of controversial issues in the discussions to 
this paper, the authors feel that there is no real necessity for de- 
tailed supplementary comments. Their thanks are due to the 
separate discussers, however, for the elaborations which they 
have contributed from their respective viewpoints. 

With regard to the practicality of the approach taken in the 
paper, it might not be inappropriate to include here in the closure 
an example in which the assumed condition of the inflow is differ- 
ent from either of the two “ideal” types of disturbance postulated 
in the paper. Such a condition is shown in Fig. 13 of this closure, 
in which the inflow, after having existed for an indefinite period 
under equilibrium with level and outflow, begins suddenly to 
execute a periodic sawtooth variation involving an infinitely steep 
wave front. This corresponds to the practical assumption made 
to represent a circumstance which was encountered in an actual 
industrial application. The resulting level and outflow behavior, 
shown in Fig. 13, was calculated on the basis of the same control 
constants and so on as were assumed in Fig. 6 (Case II) of the 
paper itself. The behavior of the variables seen in Fig. 13, it 
may be noted, involves both transient and steady-state periodic 
variations. It is interesting to observe that the response of level 
and outflow to this special disturbing condition might almost have 
been predicted from the response with the same equipment to the 
idealized step and periodic disturbances. 

Included in the discussion by E. S. Smith there is the following 
quite elegant single-sentence definition of reset: “In regulatign 
generally, the function of reset is simply to destroy gradually 
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the momentary correspondence!! . . . . in order to restore . . . the 
sensed variable precisely to its set value.” This definition, 
carefully framed so as to apply in general, is worthy of note at a 
time when terminology is still in a fluid state. If anything there 
has been too little tendency to generalize—apparent in the litera- 
ture of automatic control (or automatic regulation). Until 
placed on an independent footing and freed of all specializing 
concepts, this subject will never attain recognition as a branch of 
knowledge in its own right as we know it deserves to be. 

The discussion of E. W. Yetter and J. C. Peters is devoted 
principally to electrical analogs of the hydraulic system and con- 
trolling equipment treated in the paper. Such analogy may lead 
to a quicker perception, by many electrical engineers, of the dy- 
namic phenomena described, but it may be remarked that the 
process of analogy is traditionally the other way around; hy- 
draulic analogs serving to make more tangible the functional 
performance of electric-circuit elements and circuits. A great 
many engineers we feel sure, mechanical engineers for example, 


11 The authors would add the words ‘‘or proportionality.” 


would not agree to the relatively higher development of mathe- 
matics in electrical as compared with other technical fields. Then 
too, the rudimentary sort of wave mechanics which is represented 
in the standard alternating-current theory is not limited in appli- 
cability to electric circuits. It is significant that the operational 
treatment, although actually no more involved than any other, 
is versatile to the extent that it yields the wave-mechanics, or fre- 
quency “‘spectrum,”’ solution if interpreted one way and the com- 
plete transient solution if interpreted another, both solutions 
coming down from the same operational form. 

An entire series of mechanical, thermal, pneumatic, and elec- 
trical analogs may be placed in correspondence with, and will ade- 
quately represent, the hydraulic system assumed in the paper. 
Beyond those introduced in the discussion, a number of other 
electrical analogs are possible and could suffice as models for the 
hydraulic prototype. A mechanical interpretation, in which the 
flows become displacements and the capacitance of the vessel is 
replaced by a massive body, can be traced out in complete detail 
and is easy to visualize. Under this latter analogy the problem 
of automatic control is seen as a true problem in shock-absorbing. 
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Graphical Methods for Plotting Time-Speed- 


Distance Curves for Railway Trains 


By A. I. LIPETZ,1 SCHENECTADY, N. Y. 


The paper reviews briefly the interest displayed some 
years ago in Europe, particularly in Russia, in graphical 
methods for plotting time-speed-distance curves for rail- 
way trains and develops methods devised by the author 
for plotting such curves. Analytical methods and the 
graphical method are compared and the results are tabu- 
lated, and the author’s methods are applied to data from 
runs of high-speed trains in this country. 


BOUT thirty years ago great interest was displayed in 
Europe, especially in Russia, in graphical methods by 
which speed versus time, or speed versus distance, or dis- 

tance versus time for trains between two stations could be deter- 
mined. Special methods had been worked out and were in use 
in some Russian railway offices; and the development of these 
methods became sort of a fad in which railway officials and young 
engineers vied with each other. Naturally, these developments 
were reflected in the Russian technical press. A well-known 
railway official and college teacher, Prof. G. V. Lomonossoff, 
and some of his pupils and friends became active in this game 
and greatly contributed to the current literature of that period 
(1, 2, 3, 4).? 

Likewise, a similar interest was displayed in Germany, with a 
corresponding reflection in the German press (5, 6). Various 
methods had been developed in Germany, which later were re- 
viewed in a symposium by Dittmann (7). In this work five 
methods were described. 

In the United States, analytical methods are mainly in use, 
although in some cases graphical methods have been resorted 
to for auxiliary calculations (8, 9, 10). 

It so happened that after the Russian revolution the men who 
were active in this development in Russia were scattered all over 
the world—Lomonossoff emigrated first to Germany and later to 
England; Chechott first to Poland and then to Persia (Iran); 
Lipetz, the author of this paper, to this country, and others to 
France, Germany, and elsewhere. Thus little has been published 
in English; most of the publications appeared in Russian, Polish, 
German, and French (11, 12, 18, 14). Owing to pressure of 
business and preparation of other articles, the author has not 
made his method known in this country, although it had been 
in exclusive use in Russia, partially in Poland, in Germany, 
under the name Lipetz-Strahl (12, p. 29), and France, where it 
was later used by Cremer (13) and others (24). In this country 
it is used by the author and some of his associates (H. Cregier and 
S. Slastenin) in calculations needed for designing and investiga- 
tion of some high-speed locomotives in the offices of the American 
Locomotive Company. However, it has never been fully pub- 
lished, although it was mentioned and used as an illustration in 
the author’s discussion of C. T. Ripley’s paper (17). The latter 
omission is now corrected by the presentation of this paper. 


1 Chief Consulting Engineer, in charge of Research, American 
Locomotive Company. 

2 Numbers in parentheses refer to Bibliography at end of paper. 

Contributed by the Railroad Division and presented at the An- 
nual Meeting, New York, N. Y., Dec. 2-6, 1940, of Tam Ammrican 
Socipry or MEcHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


INTEGRATION OF EquaTION oF TRAIN MovEMENT 


The time and running distance of a train under the influence 
of various forces applied to it are defined by the fundamental 
equation of the movement of the train. Ifa train, as a body with 
mass M, is covering an elementary distance ds under the in- 
fluence of locomotive tractive effort T and train resistances R 
(forces which may be applied to different parts of the train, like 
friction of brake shoes to wheels, axle resistance to journals, air 
resistance to car bodies, gravity to centers of mass of cars and 
locomotives), the elementary change of energy dE in time df on a 
distance ds is 


dE = Mody = (T — R)ds 


if v is the momentary and dy the differential of speed. 

As every train, in addition to the translatory movement of its 
car bodies, has rotating parts (wheels, motors, gears), this equa- 
tion should be amplified. Let the polar moments of inertia of 
each rotating part around its axis be 7; the increment of energy 
is then (12, p. 10; 16, p. 10) 


i 
dE = vd M ) = 
a ( ui 4 
(a ae ) Z VOY =a (Ie) OS nereters eto {1] 


This is the fundamental equation of the movement of a train. 
It is usually simplified by referring the members with moments of 


Hence 


I 
inertia of rotating parts ) —, which has the dimension of mass, 
p 


to the total mass of the respective equipment, locomotive and 
cars. Depending upon their dimensions, these ratios y fluctuate 
from 0,04 to 0.30 for different equipment; for instance, for steam 
locomotives it is about 5 per cent, i.e. 


ae 
Oe a 
p 


going up to 0.06 for high-speed steam locomotives with large 
wheels. In this formula J is the moment of inertia of every 
driving wheel and axle of the locomotive; p the respective out- 
side radii of the wheels, and M, the mass of the locomotive. For 
electric locomotives with motors geared to the axles y = 0.3 to 
0.4, including all these parts. For loaded freight cars y = 
0.03; for empty freight cars y = 0.11 (12, p. 10; 6, p. 142). 

For the whole train the influence of the rotating parts is of 
secondary importance, for instance, for a train consisting of a 
steam locomotive of 300 tons and passenger cars of 500 tons, the 
ratio y is 


0.05 


_ 300 X 0.06 + 500 X 0.04 
an 800 
For another sort of equipment, a light electric locomotive and 
loaded freight cars 
200 X 0.35 + 1000 X 0.03 
1200 


For heavy Diesel locomotives and streamline passenger cars 


= 0.0475 


pee = 0.0833 
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_ 460 X 0.85 + 1250 X 0.04 
j 1710 


y = 0.1233 


The average of these three cases gives y = 0.0847. 

The case of empty freight cars has not been considered, as it 
is unlikely that empty freight cars would be transported by 
modern high-speed locomotives. 

Equation [1] is written in absolute units of foot, pound, and 
second—see Lionel S. Marks, Mechanical Engineer’s Handbook, 
first edition, 1916, page 73 (symbols in lower-case letters). or 
units which are customary in railroad engineering, capital letters 
are used; for miles of length, one mile equals 5280 ft; for speed 

3600 


5280 xXv= 1467 X v, where v is in fps. 


V in miles per hour V = 


1 
1407 * 


where aisinfpsps; and for mass / in tons of 2000 lb of weight = 
32.17 1 


For acceleration in miles per hour per second A = 


2000 62.17 
For these latter units, a constant C must be introduced in the 


tons of weight. 


right side of Equation [1] (10, p. 19; 25, p. 49) equal to C = » 


62.17 
1 —, 

1.467 91.18’ 

per hour per second, (7 — R) in lb of weight, and M in tons of 

weight. 


Pees di ay 
if V is in miles per hour, ¢ in seconds, dt. in miles 


ds 
Remembering that » = a and canceling ds, Equation [1] will 


q dV T—R la} 

rea Maas iGe ae a 
‘ hae ee dV 

where V is speed in miles per hour, and ¢ time in seconds; 7 ac- 


celeration in miles per hour per second. 

Since y for trains of different consist varies from 0.04 to 0.1233, 
with an average of 0.0847, the author assumed that Hquation 
[la] can, for average conditions, be rewritten 


av. Ss Jomaite: 
where 77 is acceleration in miles per hour per second; ¢ and r 


are tractive effort and train resistance in pounds per ton of their 
weight, and the coefficient corresponds to 91.18(1 + y) = 91.18 
x 1.0847 = 98.69, or 4pproximately 100. 
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We should consider then the approximate formula 


dV -t— 
hr ENNIS [2a] 
dt 100 

as close to the average conditions of modern trains. However, 


if the consist and y of the train are known in advance, a more ac- 
curate coefficient can be figured out and formula [la] should be 
used instead of [2a]. 

If the time-speed curve, namely, speed versus time, is the 

dV. ? 
Sf is the tangent to this curve. 
shows that the tangent is represented by a simple relation, the 
difference between tractive effort and train resistance in pounds 
per ton of train weight divided by 100 for American units, mile, 
hour (respectively, second), and ton. If curves of Fig. 1 repre- 
sent tractive effort of the locomotive and FR the train resistance 
versus speed V, then the ordinates of the shaded area ABCDA 
represent in a certain scale the right-hand side of Equation [2]. 
The desired acceleration curve will be found if a curve is so built 
that the tangents to it are equal to the ordinates divided by 
98.69 or 100, as the case may be. 

Suppose that a train stands in a station and the locomotive 
starts to accelerate it from standstill on a level. The excess of 
tractive effort over the train resistance on a level at low speeds 
from zero will be represented by the shaded area, and under the 
influence of this difference of forces the train will be accelerated 
from zero speed until the balanced speed Vo is reached (Fig. 1), 
at which point the two forces (tractive effort and train resistance) 


one sought, then Equation [2] 
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are equalized. The train will continue to move at the balanced 
speed Vo as long as the forces (the locomotive and the profile) 
remain unchanged. 

Acceleration curve from 0 speed to Vo is the one we are trying 
to plot. After what has been said the plotting can be easily 
done. Draw first on the chart the difference by subtraction of 
the two curves ¢ and r in pounds per ton of train weight? to a 
certain scale, say 5 lb per ton equals one inch (Fig. 2). Then 


-, mark intervals for speeds, say for every ten miles per hour from 
* 0 to Vo, except the last one, which will be thus automatically 
' defined; draw average ordinates corresponding to the middle of 


each interval (ab, cd, ef, gh, etc.); build for the first interval a 
right-angle triangle on base 0a! = unit a to a certain scale for the 
constant a, for instance, 2 in., with the other side a1b! = ab, 
the average ordinate of the first interval; draw the hypotenuse 0b! 
through the first interval, 01, until it intersects with the ordinate 
1K through the end of the interval. Build another triangle 
from point 1 with a base 1c! = unit a for the constant (2 in.), 
and side cld! = cd, the average ordinate of the second interval. 
Draw the hypotenuse 1d! through the second interval until it 
intersects 2m, the end of the interval. In the same way build 
for the third interval with elf! = ef, and so on. Then the 
broken line 0 1 2 3 will be tangent to the acceleration curve at 


\) the prolongation of the ordinates through the middle points, 


ab, cd, ef, etc. 

An important, if not the most important, operation in graphical 
calculations is the determination of scale, as the curve must be 
numerically read after it has been plotted. The length of the 
chart, for instance, 7; in Fig. 2, represents to a certain scale the 
total time of the acceleration from 0 to balancing speed Vo (Fig. 1). 

The curve should represent Equation [2a], and the graphical 
construction is based on the ratios of increments denoted by 
differentials in formula [2a] and shown graphically in a certain 
scale on Fig. 2. If the Greek letters v, 6, and ¢ represent the scales 
for speed, time, and force, respectively, namely, if 


v be the scale for speed, » miles per hour = 1 in. 
9 be the scale for time, 6 seconds sisi 
¢ be the scale for forces, ¢ lb per ton = Tsu, 
a be a constant 2 in. 


Comparing the geometry of the construction of Fig. 2 with 
Equation [2a], it can be seen that 


WVjv _(t—n/e 


dt/é a 


or putting all members to one side 


dVeae 45 
vdt(t — r) 
But from Equation [2a] 
dV X 100 _ 
dt(t—r) 
Consequently 
(7) 
100 
v 
or 
100. 
fy fy ee. + he oe ee [3] 
ag 


3 Use any reliable formula for train resistance, including gravity, 
20 lb per ton for each per cent of grade (20, p. 17), air resistance for 
speed (19), and curve resistance (20, p. 35). 


605 


This defines the scale for time 0. 

In the chart, Fig. 2, representing the acceleration under the 
influence of forces in Fig. 1, the following scales for full-size chart 
have been chosen 


vy = 10 mph = lin, 
g = 5l]b per ton = 1 in. 
a (parameter) =—2.1De 
Consequently 
0 py 100 1.667 mi 0.0278 h li 
= = c=. aN a . 
som se min r in 


It should be remembered that while the speed is given in this 
case in miles per hour, the time scale is in seconds, because the 
acceleration, which is the basis of Equation [2a], is in miles per 
hour per second. 

It should also be borne in mind that the coefficient 100 is an 
approximation for all high-speed trains, exactly equal to 100 
for a case when y in Equation [la] corresponds to 


91.1801 + y) = 100 
or 
y = 0.0967 


When 7 is less, the coefficient is smaller than one hundred. A 
convenient case is when y = 0.0528. In this case 91.18(1 + y) 
= 96 and the scale for time, when other scales are the same as 
just given, will be 


96 X 10 


= 96 sec = 1.6 min = 1 in. 
225 


In the speed-time curve the distance covered by the train 
during acceleration, say from zero to balanced speed Vo, is deter- 
mined by the area of the curve and can be figured as the definite 


integral 
Vo 
= i Vat 
ft) 


if we know the law of the curve V. Graphically, it can be deter- 
mined as the area on squared paper or by planimetering. The 
scale for the area s can be easily determined, if the linear scales are 
known. If 


v is the scale for speeds in miles per hour = 1 in. 
@ is the scale for time in hours = 1m. 


then oc, the scale for distances in miles, = v0 = 1 sq in. For 
instance, in Fig. 2, v = 10 mph = 1 linear inch and @ = 0.0278 
hr per linear inch; then og, the scale for distance, equals 10 mph 
times 0.0278 hr = 0.278 miles distance per square inch. 

When a run over a certain profile is being investigated, it is 
necessary to watch constantly the changes in the profile, because 
if conditions change the speed and time are also changing. It is 
therefore necessary to resort frequently to planimetering of the 
areas while the curve is being plotted. This is the disadvantage 
of any speed-time curve plotting which prompted the author in 
1911, when he was occupied with this kind of calculations, to de- 
velop the speed-distance method for plotting curves of this type 
(4, 18). 


Mersop or SpeED-DISTANCE CURVES 


If we revert to Equation [1] we can write it in the following 
form, if we choose distance s in miles as the independent variable 


I \ vdv 
Cas yal eg 
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where, as before 


M = total mass of the train, including locomotive and 
cars 
I = moment of inertia of each rotating mass 
p = outside radius of rotating wheels 
v = linear speed of the train in miles per hour 
s = distance covered by the train in miles 
R = respectively, the tractive effort and the resistance 
applied as forces to different parts of the train 


or 


where, also as before, ¢ and r are the previous 7’ and £ referred to 
one ton of train weight and ¢ is a constant, different, though, 
from the previous constants, 98.69 or 100. Constant ¢ in Equa- 
tion [4] should be 


3600 
SS = Gi) 
96 


because speed is in miles per hour = 3600 sec. 
Generally it should be 


3600 
91.18(1 + 7) 
and accordingly as per the following table: 
a C g 
.0967 100 36 
.0823 98.69 36.5 
.0528 96 37.5 


The forces ¢ and r are functions of speed and are the same as 
used before for the speed-time method. Their difference (¢ — r) 
is shown in Fig. 2 for plotting the Desdouits-Lomonossoff curve. 
For the author’s method it is shown in Fig. 3. Imagine that the 
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acceleration curve is plotted as a function of distance and con- 
sider a certain element doby of the acceleration curve. It is evident 
from Equation [4] that the tangents to the speed-distance (ac- 
celeration) curve should form the same angles with the distance 
axis 0S, as the radii vectors of the force curve form with the speed 
axis OV (Fig. 3) because the tangents to the acceleration curve 


dv 
are equal to qe while the tangents of the radii-vector angles are 
$ 


A 
, and these two quantities are alike, according to 


t — 
equal to 


Equation [4]. In other words, the tangent to the acceleration 
curve should be perpendicular to the radii vectors of the force 
curve, provided they are drawn to the proper scale and located 
at right angles to each other, as in Fig. 3. 

Therefore, the following construction is suggested: Plot the 
force curve (Fig. 3) so that the speed axis 0V should be the verti- 
cal axis. Draw radii vectors 01, 02, 03, etc., from the center 0 
to the middle points 1, 2, 3, etc., of intervals on the force curve, 
which is intersected by horizontal lines representing speeds in a 
certain scale; draw through the first interval a line 0a» perpendicu- 
lar to first radius vector 01; then through the second interval aobo 
perpendicular to 02; then through the third interval boc) perpen- 
dicular to 08, ete. The broken line Oaobccodo is the acceleration 
curve. 

As every graphical method, the foregoing construction is sub- 
ject to certain inaccuracies. If the broken line should be tangent 
to the acceleration curve in the middle points for which Equation 
[4] holds good, it would represent the acceleration fairly ac- 
curately. Therefore, the smaller the intervals, the more accurate 
the method. Especially it is true when the radii vectors and the 
intersecting lines begin to form acute angles and the intersection 
points are not quite definite. Nevertheless, with some skill, it is 
possible to get fairly accurate results. 

After the acceleration curve versus distance has been plotted, 
the time curve can also be drawn, and in fact, very simply. Con- 
sider a certain increment of distance on Fig. 4, the upper part of 
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which is the acceleration curve of Fig. 3 redrawn somewhat dif- 
ferently. The time needed for covering e distance of an ele- 
mentary increment will be 


where V, is the average speed for the distance increment. This 
suggests a simple method for constru¢tion of the time curve. 

Divide the speed-versus-distance curve into elements. The 
easiest way is to take the elements already drawn in Fig. 3 
through the same steps of speeds. Mark the middle points of the 
elements a, b, c, d, e, f, etc., (Fig. 4); drop perpendiculars from 
these points to the distance axis 0S — 1, 2, 3, 4, etc.; measure 
up a constant parameter b equal 2 in. from each foot of the per- 
pendiculars to points a}, b!, c}, d', ete.; draw radii vectors a'a, 
b1b, cle, did, ele, ff, etc., to the middle points, and direct Oa: 
perpendicularly to a!a through the length of the first interval; 
db, perpendicularly to b1b through the second interval; bec 
perpendicularly to c'c through the third interval and so on. 
All these constructions are identical with the construction shown 
in Fig. 4 for the fifth interval, as an example, from which it is 
evident that = 


ate Set 
ASs5 5e Vas 
or 
AS5 
Ats = LeySe, Yeahs eas Nee an ea 5a 
are [5a] 


in accordance with what is required by Equation [5] in a certain 


scale. The broken line Oazbeced2, etc., is the desired time curve. 
The total time is equal to the height of the last construction. For 
convenience, the broken line can be divided into branches A, B, 
etc., and their heights, measured to a certain scale, added to- 
pence will represent the total time. a 

As to the scales by which the distance and time should be 
measured and read, the procedure is the same as the one used 
before, namely, the distance was based on the construction shown 
in Fig. 3 and determined by Equation [4], or 


eae cere eeesreseses 


if v is in miles per hour, s in miles, ¢ — r in lb per ton of weight, 
¢ is the coefficient equal 37.5, for y = 0.0528. If we should use 
for the variables the scales given previously, namely 


vy = 10 mph = | in. 
¢ = 5lbperton =1in. 
¢ = miles distance = 1 in., which is sought, 


then the relation from the geometric construction is 


dy _(t—=n/¢ 
ds/a 7 v/v 
or 
dv o we 7, 
ds 2 S gu/y 
Putting, as before, all variables on one side of the equation 


Sore! 
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= 
mc 
SI 
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S 
IS 
o 
) 


TRANSACTIONS OF THE A.S.M.E. 


608 


ANI'T LHOIVELQG—LYUOIAY AAILOVUT, VE-( HALLOWOOOT TVULNAL) “RON YOd SHAMOD ANIL -GONVISICQ-daadg g¢ “SIY 


3) 


SITIM~FINVISIG } NOL a7d SANNOd-77/¢/ 
¢ 
/ GO MEGMOoE ce Pa 3 0 
Se) be k 


St ee a Mat 1+ 


STILIIN/H -INW Ys 
~ 
+ 
AK 


QR 
oe 


Ss 
sy 
FS 


NOL Y3d SONNOd G2 /- 777 
SPLNNIW 80 = /- INL 
SITIW C610 =/-FINVLSIG | $3725 | op 
HOW GS = /- a97d> 


BOK Fd SITH-C. 


ue 


: 


, 


LIPETZ—PLOTTING TIME-SPEED-DISTANCE CURVES FOR RAILWAY TRAINS 


i re the 
ds y v(t—r) 


d 
Substituting the right-hand side of Equation [4] for S 
3 


a ag ee ES go 


v vv(t—r) a 


+h * 
\ and after cancellation, 


if the other scales are as previously chosen. 
As to scale for time when figured by the method in Fig. 4 on 
the basis of formula [5a], if we follow the same procedure 
At/6 b 


As/o ¥ V/v 


Comparing this with [5], it is again evident that 


or 


6= 


For the previously used scales and constants 


oe 10 ¥ 
ess <2 ie 37.5 


= 0.0267 hr 


which is true, at the same scales, or for any train with y = 0.0528 
and ¢ = 37.5. 
Generally 


fine 91.18(1 + y)» 
a 3600b¢ 


~ and 


= ols a0 - 
i 3600 X ¢ 


o miles per inch........ [6a] 


where 


v 


yg 
b 


scale for speed, miles per hour per inch 
scale for forces, pounds per ton per inch 
parameter, units 


I 


as used in the described method of plotting speed, distances, and 
time curves. 

By using the graphical method, we are able to read a definite 
answer as to distance and time, because the lines, no matter how 
acute the angles -become, will finally intersect each other. It 
would be different if we should attempt to solve the problem 
analytically. By looking at Figs. 2 and 4, it is evident that the 
numerators of Equations [2] and [4] are nearing zero at bal- 
anced speed and the integrals for time and distance reach infinity. 
However, we know that trains are reaching their destination in 
finite time. It is easy to see why it is so. A slight increase in 
the pull caused by the engineer of the locomotive, or a slight 
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reduction in train resistance, when the speed is nearing the bal- 
anced speed, will establish a slightly greater speed for the next 
period of running. So, for instance, in a train which the author 
has investigated, with speed balancing out at 102.5 mph, the 
distance and time determined by the author’s graphical method 
were plotted (in Fig. 5) from 95 to 102 mph for one-mile inter- 
vals. The total distance from summing up the 1 mile-per-hour 
intervals was then 16.25 miles and the time 9.8 min, and the 
average speed was 99.5 mph. Then if this be covered in one 
run with one acceleration from 95 to 100 mph and two accelera- 
tions of 1 mph each (from 100 to 101 and 101 to 102 mph), 
the total distance from 95 to 102 mph would be 15.45 miles in 
9.25 min with an average speed of 100.2 mph. If the whole in- 
crease in speed of 7 mph from 95 to 102 mph is run through in 
one interval, then, as found graphically, we need 8.35 min to cover 
14.0 miles with an average speed of 100.5 mph. Consequently, 
it does not make much difference how we divide the intervals in 
speed, provided they are small, not over 5 mph for the higher 
speeds. The average speeds of the last elements, nearing the 
balanced speed, are about the same, although the distances and 
times may seem to be quite different. This is very gratifying, as 
the speeds of the runs will be thus practically not affected. 


ANALYTICAL MrTHOoD AND EXAMPLES 


If we knew the law of the difference between tractive effort 
and resistance curve, namely, if we knew in Equation [2a] the 
functional relationship of ¢ — 7, the integration of this equation 
would be possible in some cases. It is seldom that this difference 
can be expressed in a function which would be easily integrated. 
However, in a modern steam locomotive the tractive effort less 
streamline air resistance can, with a close approximation, be 
assumed to be a straight line, or a system of straight lines, as 
shown in Fig. 7. In such a case an integration, although tedious 
and cumbersome, is possible. 

Suppose we take Equation [2a] for which we assume a linear 
function for t — r of the type 


Semele CAST, 
a i 
or 
(t—r)b + Va = ab 
and 
C= nb eb Va 
Oe BS 


Consequently, from Equation [2a] 


dt ‘96 
dV ab—Va 
Vo 96bdV 
T= Se (he a te eee 8 
i ab — Va an [8} 


A more accurate coefficient 96 corresponding to y = 0.0528 
instead of the approximate coefficient 100 has been assumed for 
all of these calculations. 

This is a logarithmic integral which, when developed with all 
the constants and between the proper limits, gives a long, com- 
plicated formula. The calculation requires tedious work. The 
advantage of the graphical method becomes at once apparent 
after the first attempt is made to solve the equation analytically; 
and this only with the approximation of one straight line for the 
tractive effort, which is not always possible. 

The author, however, did it once for the New York Central 
J-3 locomotive, for which the tractive effort less train resistance 
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locomotive, with a straight-line tractive curve. The results are 
given in Table 1 in comparison with the graphical method for 
this New York Central locomotive J-3. 

The right-hand side of Fig. 5 shows the construction of the 
distance and time curves of the author. For the sake of space, the 
acceleration line, speed versus distance, is shown in several 
branches, A, Aj, Ag, etc., starting out from point 0, 01, 02, ete. 
They are all drawn according to the author’s method. 

A is the acceleration curve from start at zero speed to 45 mph 
(the scales are given on the chart); A: is the acceleration curve 
branch from 45 to 75 mph; As, As, A, are ‘accordingly the ac- 
celeration branches from 75 to 85 mph, from 85 to 90 mph, and 
from 90 to 95 mph. The curves after 95 mph are drawn for speed 
intervals of one mile per hour. (See example Fig. 6.) 

The corresponding branches of the time curve for the same in- 


TABLE 1 
Graphical method Analytical method 

(Fig. 5) -—formulas [8] and [9]— 

Speed at Time from Time from 
end of Distance 0 to end of Distance 0 to end of 
interval, covered, interval, covered, interval, 

mph miles sec miles sec 

5 -007 12.3 -0071 12.369 
10 -038 25.0 041 25.329 
15 .086 40.0 .090 39.055 
20 .155 53.5 .154 53.558 
25 255 68.0 -254 68.994 
30 385 84.0 .386 85.440 
35 -543 102.0 -540 103.086 
40 . 740 122.0 .740 122.062 
45 .991 142.5 -990 142.636 
50 1.280 164.0 1.270 164.000 
55 1.690 192.5 1.639 189.317 
60 2.120 219.0 2.124 219.000 
65 2.650 249.0 2.643 249 .000 
70 3.360 288.0 3.339 287.000 
“fay 4.080 324.0 4.079 324.000 
80 5.165 374.0 5.164 374.000 
85 6.600 437.0 6.604 437.000 
90 8.550 516.0 8.544 516.000 
95 11.900 646.0 11.884 645.361 
96 12.850 681.8 12.822 680.626 
97 13.940 722.4 13.932 721.958 
98 15.320 773.0 15.277 71.532 
99 17.100 838.0 16.981 833.638 
100 19.200 913.7 19.277 916.719 
101 22.820 1043.5 22.817 1043 .286 
102 28.150 1232.0 30.517 1316 .651 
+ Infinity + Infinity 
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tervals are also shown on this chart (Fig. 5) 7, 71, T2, Ts, ete., 
drawn from the same centers, 0, 01, 02, 03, and so on. From 0g5 
starts the 79, curve, the construction of which was given sepa- 
rately on Fig. 6. , 

The distances and times were figured both ways—analytically 
by integration of Equation [8] and double integration of the ex- 
pression for speed; also graphically as shown in Fig. 5. The re- 
sults of these calculations are given in Table 1. 

This construction was made in order to compare the results 
of the author’s method with the analytical method as to its 
accuracy, and at the same time to check the scales and the 
correctness of the proposed formulas [3], [6], [6a], [7], and [7a]. 
The coincidence of the results is very gratifying. 

The next example is the test run of the Atlantic Coast Line 
steam locomotive, built by the Baldwin Locomotive Works (21). 
From the information published in this article and additional in- 
formation kindly supplied by the builders, it was possible to plot 
a curve for the train from Jesup to Nahunta, a distance of 28.5 
miles. A chart was made for this section of the road for a train 
of a weight given in the publication (1948 tons). The power of the 
locomotive was figured to the author’s formulas of 1934 (22); 
the train resistance was taken in accordance with Davis’ formula 
(23); the air resistance with formulas of the author (19). The 
average speed of the run, as found from the chart over the profile 
(Fig. 8), was 56.5 mph. The actual average speed on test was not 
given for the investigated division, but for the whole distance 
(648 miles) it is shown in the Baldwin publication as 53.8 mph. 
As signal stops and other retardations are included in the entire 
run, the agreement between speeds is very good. 

An acceleration curve plotted from test data on a distance 
basis, and another curve on a time basis, are given in the Baldwin 
article (21, p. 19). Both are redrawn in the author’s chart (Fig. 
9) and they show good agreement, two almost coinciding curves. 

The author’s method was used for the first time in this country 
when the Hiawatha train was built for the Chicago, Milwaukee, 
St. Paul and Pacific in 1935. The entire run from Milwaukee 
to St. Paul was investigated for the Hiawatha with seven cars 
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of a total weight of 358 tons and the time was found to be 6 hr, 
30 min for the entire distance (409 miles). At present the 
Hiawatha runs with nine cars having a total weight of 440.4 
tons, making the total weight of cars and locomotive 688.4 tons. 
Fig. 12 represents the time-speed-distance curve for this new train 
and the Hiawatha locomotive, the tractive effort of which was 
built according to the author’s 1934 tractive-effort moduli (22), 
his resistance curves for equipment (19), and his time-distance 
graphical method, as exemplified in the foregoing. Between sta- 
tions Red Wing and Winona the time thus found was 56 min, 
while the tape taken off the train, shown in Fig. 12 in dotted lines, 
and the actual performance give 55 min. After this, many more 
high-speed Diesel-electric and turbine-driven trains were investi- 
gated. From the examples which have already been given, the 
method and procedure are obvious. The only curve which might 
not be amiss to present, as an example, is the braking curve, 
which has been once shown at the end of chart of Fig. 8, for the 
Atlantic Coast Line train. 

The braking curve was drawn for the Hiawatha train of a total 
weight of 632 tons, consisting of a locomotive with a weight, 
including tender, of 274 tons. The braking power of locomotive 
and tender have been assumed as follows: Engine truck 45, 
drivers 78, trailer 60, and tender 100 per cent of the light weight 
on the wheels, and cars 90 per cent of their weight. 

The retarding force (augmented by train resistance) friction 
between braking shoes and wheels is shown in Fig. 11. On the 
basis of this assumption the braking force was built as given in 
Fig. 1. The retardation curve was plotted in the same way as 
the acceleration curves, for both speed and time. 

As can be seen, the time of braking was determined as 37 sec 
for bringing the Hiawatha train to a stop from 100 mph; the 
distance for braking has been found to be 0.62 mile. 


CONCLUSION 


The practicability of the proposed method has been proved 
during many years in many countries and for different trains, 
by international research, as it were. It may be found useful 
for application to our trains, especially those for high speed, for 
which acceleration and retardation speeds and times require 
exact determination. 
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Discussion 


R. P. Jounson.‘- Modern train operation, with its fast sched- 
ules and heavy tonnages, presents a serious problem for rail- 
road-operating staffs and mechanical departments, and also the 
preliminary engineering departments of locomotive builders. 
Very often the running time is so reduced and the train consist 
so changed as to make prior experience of railroads along these 
lines of diminished value, hence, theoretical considerations be- 
come increasingly important. This paper, which indicates 
careful research and attention to detail, should prove of con- 
siderable interest to those concerned, being both timely and 
informative. 2 

While the development of the basic analytical formulas in this 
paper is along rational and orthodox lines, the graphical method 
shown is ingenious and apparently a close approximation of 
actual results, based on the comparisons shown for the Atlantic 
Coast Line and Hiawatha locomotives. 

To compute tractive effort for locomotives operating at ultra- 
high speeds, approximating 100 mph, is still a problem, as is also 
train resistance, all due to the limited amount of test data avail- 
able. These items render difficult an accurate calculation of the 
accelerating power available. At such high speeds, much of the 
existing test data is extended by extrapolation, an expedient 
which must serve until more definite information is obtained. 

The writer’s company uses a combination analytical-and- 
graphical method, based on formulas published about 30 years 
ago, and fundamentally identical with the method shown in the 
paper in so far as the analytical method is concerned. Tractive 
effort is computed in the conventional manner; locomotive 
tender and train resistances in accordance with the Davis form- 
ulas; and the difference represents the accelerating power 


4 Chief Engineer, The Baldwin Locomotive Works, Philadelphia, 
Pa. Mem. A.S.M.E. 
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available. From this force, curve and grade resistances are 

deducted, as may be necessary, and the remainder used in plotting 

speed-distance or speed-time curves as may be desired. The 

remainder is substituted in the following conventional formulas: 
For distance in feet necessary to accelerate 


70 
D=— Ve— Ve) 


For time necessary to accelerate 


95.6 
jes = 
7 (Vint) 


where V, = lower speed 
V2 = higher speed 
A = accelerating force per ton available 


The speed increments (V2 — V1) are usually taken at 5 mph. 

By planimetering the area under a speed-distance curve, an 
average speed is determined from which the running time may be 
computed. 

In working out such problems, consideration must be given to 
speed restrictions on curves, bridges, through towns, and those 
imposed by the short distances occasionally existing between 
station stops. 

It would seem to us that the graphical method thus outlined is 
somewhat simpler than shown in this paper, particularly if long 
runs are involved. We had occasion not so long ago to make a 
time study of this nature over a profile more than 2200 miles 
long. We did not have an opportunity to check actual results 
against our theory, except in a few places, but these checks were 
gratifyingly close. 

Modern high-speed operation presents problems in decelera- 
tion as well as acceleration, but the paper does not say much 
about this. On some railroads, such as the New Haven, sta- 
tion stops may be rather close. If, on such a road, the decelerat- 
ing force were relatively low, the train could not, within the dis- 
tance, be permitted to attain the maximum speed of which it is 
capable. Such a condition would require special consideration. 

In working out a number of time studies, especially over a 
period embracing the last 10 years, Baldwin engineers have 
developed a routine procedure along the lines discussed in the 
foregoing, which provides a reasonably rapid determination of 
the problem involved. Basic formulas and tabulations are 
given in a booklet® published by the writer’s company. We note 

_the bibliography appended to the paper makes no mention of 
this booklet. 

It is hoped that not only will more rational analyses of these 
problems be possible, but that the plotting of such graphs in pre- 
liminary considerations will more closely approximate results to 
be expected in actual service. 


R. T. Sawyer.® This interesting paper covers the subject in 
such great detail, there is very little the writer can add to it in a 
discussion, except to point out that the author’s method actually 
is one of several, all of which have proved to be quite satisfac- 
tory. The principal methods are as follows: 


1 Calculate each step separately. 
2 Arrange calculations in an orderly manner, such as in 
tabular form, and then fill in this table progressively. 
(a) Time for computations may be shortened by using a 
slide rule. 
(b) Yet more time can be saved by doing the simpler parts 


5 “Locomotive Data Book,” Eleventh edition, published by The 
Baldwin Locomotive Works, Philadelphia, Pa., 1939. 

€ Sales Engineer, Diesel Locomotives, American Locomotive Com- 
pany, New York, N. Y. Mem. A.S.M.E. 
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of the calculations mentally, completing the more compli- 
cated equations with the aid of the slide rule. 

3 The graphical method described by the author. 

4 A graphical method carried out with special calculating 
machines, such as that developed by Perkinson of the General 
Electric Company, Erie, Pa. This method is only practical for 
calculating long runs as, for example, New York to Chicago, be- 
cause of the time required to set up the machine. This method 
gives a very uniform result, but the writer cannot state that it is 
more accurate than other methods. 


AUTHOR’s CLOSURE 


From the introduction to this paper, the reader must have 
already noticed that the railroad engineers in Europe were the 
most interested in the author’s method of time-speed-distance 
calculations. It is strange, judging by the paucity of the dis- 
cussions of the present paper and by the total absence of discus- 
sions by railroad engineers, to see that in this country only 
locomotive builders revealed some interest in the paper. Mr. 
Johnson speaks in his discussion for the railroad engineers, when 
he points out that “modern train operation, with its fast schedules 
and heavy tonnages, presents a serious problem for railroad 
operating staffs and mechanical departments, and also for the 
preliminary engineering departments of locomotive builders.” 
The absence of discussion from railroad engineers in this country 
may probably be explained by the pressure of business which the 
present state of the country’s defense has imposed on the available 
time of railroad engineers and employees. 

Reverting to the substance of Mr. Johnson’s discussion, the 
author does not agree with the statements that the combined 
analytical and semigraphical method of the discusser’s company 
mentioned in the Baldwin booklets, ‘‘Locomotive Data” (26),’ 
is fundamentally identical with the method shown in the paper 
and that “the graphical method thus outlined [Baldwin’s] is 
somewhat simpler than shown in this paper [Lipetz’], particularly 
if long runs are involved,” this because the author’s graphical 
method has not been known so far, and is not similar to any other 
method so far used in this country. As a rule graphical methods 
are simpler than analytical, or semianalytical methods, and in 
this circumstance is to be found the justification of their existence. 
This is true for many branches of engineering, probably for the 
graphical calculation of stresses in bridges, and is more true for 
the plotting of the time-distance curves for railroad trains. If 
the discusser, Mr. Johnson, wanted to prove the opposite state- 
ment, he should have taken an example, for instance, the Atlantic 
Coast Line Train, or the Hiawatha, analyzed in the author’s 
paper graphically, which are also running over long distances, 
and make the calculations by the combined analytical-graphical 
method. This would give him an opportunity to show in detail 
what the method consists of and prove that it is simpler. This 
has not been done by Mr. Johnson, but it has been done now by 
the author, and he has found that for a distance of only 3.2 miles 
the analytical method by the Baldwin formulas occupied the time 
of at least 31/2 hr of a very skilled calculator, whereas the author’s 
graphical method required only 45 min by the same calculator 
for the same distance. 

Before closing the reply to Mr. Johnson’s discussion, may the 
author also call the reader’s attention to the statement made by 
Mr. Johnson, namely, “by planimetering the area under a speed- 
distance curve, an average speed is determined from which the 
running time may be computed.” This is incorrect. A refer- 
ence to the author’s paper, page 604 right-hand column, para- 


7 In all editions up to 1939, a Baldwin method is hardly mentioned; 
only in the 1939 edition, the formulas on pages 40 and 41 are given 
for acceleration of trains on level track, but not for calculation of 
time tables. 
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graph beginning, “Suppose that a train stands in a station” and 
the one that follows, will make this clear. As the speed-time 
curve will therefore represent distance because it is equal to 


te te S2 
a= fova- f Sa - f dS = &:—S 
f h dt Si 


If this is divided over the length of the diagram t2 — 4, then the 
average speed is found. If we should attempt to draw the 
average ordinate under the curve V = f(S), as the discusser 
suggests, the ordinate would represent the average speed as 
function of distance, which is not the average speed as we under- 
stand it; the latter must be referred to time in order to be speed, 
and it will be impossible by any constants to convert one average 
into the other. The author does not know these constants and 
the method of conversion of one into the other, unless by going 
through the determination of distance S and time ¢. In other 
words, the determination of time is needed for a method, the 
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object of which is the same—determination of time. 
very helpful. 

With regard to R. T. Sawyer’s discussion, the method which he 
advocates requires the coincidence of the elements of speed and 
time with elements of the profile; otherwise, it would become very 
complicated, calling for a great deal of calculation, and if followed 
for the example cited, regarding the Baldwin method, it would 
require much more time than their method for the length of 
31/2 miles. The author suggests that Mr. Sawyer make a com- 
parison of his and the author’s methods of calculation applied to 
a certain stretch of a profile and check the time needed for the 
calculation in each case. He would find that while the author’s 
graphical method required only 45 min, his method would re- 
quire at least 6 br. In addition, both Mr. Johnson and Mr. 
Sawyer should, in figuring time, consider the accuracy of the 
results, comparing time and distance with figures of actual 
experience, as the author did in his paper. 


This is not 
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: By F. C. LINN! ano D. E. IRONS,! LYNN, MASS. 


The effect and interrelationship of the various factors 
which influence bearing losses have been the subject of 
many experiments and a vast amount of theoretical work 
since the basic physical principles of lubrication were 
outlined by Osborne Reynolds. In the half century follow- 
ing Reynolds’ work, the hydrodynamic theory of lubrica- 
tion has undergone considerable development. Like all 
theory, it needs to be examined and re-examined in the 
light of experimental data. In this paper, several novel 
contributions in the form of experiment and theory are 
presented. The paper deals with the results of tests made 
to determine the power losses of bearings of the type used 
on turbines manufactured by the company with which 
the authors are associated. 


NOMENCLATURE 
¢ ee following nomenclature is used in the paper: 


W = total bearing load, lb 
p = unit bearing load, psi 
1 = axial length of bearing, in. 
d = journal diameter, in. 
F = frictional force at journal surface, lb 
L = power loss, kw 
N = speed of journal, rpm 
» = angular velocity of journal, radians per sec 
U = peripheral velocity, in. per sec 
f = coefficient of journal friction 
t = temperature, F 
At = temperature rise, F 
Q = rate of oil flow to bearing, gpm 
8 = specific heat of oil, Btu per gal per deg F 
Z = absolute viscosity, centipoises one 
po = specific gravity of oil 
x = exponent 
C, K, Ka = constants 
$1, ¢2, etc. = functions 
c = diametral clearance, in. 
T = torque, in-lb 


Loss CHARACTERISTICS OF JOURNAL BraRines or DusiGn 
SmaiLar To THOSE TESTED 


The most interesting result of the tests described in this paper 
is the power-loss formula which was established. This formula, 
the derivation of which is given later, is 


N 1,43 
= —3 41.55 ]0.55 <= Z%.83 0.43 nats 1 
L = 2.81 X 107 dt-55 1 ir Q' {1] 


A number of other interesting results were obtained as follows: 


N 
G@iviets o ?) 
Pp 


1 Turbine Engineering Department, General Electric Company. 

Contributed by the Special Research Committee on Lubrication 
and presented at the Annual Meeting, New York, N. Y., December 
2-6, 1940, of Tus American Society OF MECHANICAL ENGINEERS. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


for a given bearing when Q, 1/d, and d are constant 


for a given bearing when //d and d are constant 


(c) f = $s (29 u) 


when p and J/d are constant for bearings of similar design. 

(d) The loss changes only slightly with changes in unit load. 

(e) The clearance ratio (mils clearance per inch diameter) 
should be increased with speed to obtain minimum power loss. 

(f) The actual width of the groove over the top half of the bear- 
ing, so long as there is a liberal cross section, has little or ho effect 
upon the loss. 

(g) Curves resulting from the test data can be extrapolated to 
predict the loss of bearings of similar design beyond the range of 
those tested. 

Table 1 gives the important dimensions of the bearings which 
were tested and the range of test conditions for each bearing. As 
shown in the table, the smallest bearing tested was 3 X 3 in. and 
the largest 8 X 61/4 in.; the over-all pressure range was 51 to 
775 psi and the speed range was from 3600 rpm to 12,000 rpm. 

Fig. 1 shows the general features of the type of bearing tested. 


Mernop or TEstTING 


All the different methods of determining bearing loss were 
investigated before beginning the tests. After weighing the 
relative advantages and disadvantages of these, the heat-balance 
method was selected as being the best for the purpose. The test- 
stand setup is illustrated in Fig. 2. 

The bearing housings, inlet, and discharge pipes were insulated 
with 1-in-thick high-temperature insulating material. 

The test shaft was driven through a flexible coupling by a vari- 
able-speed turbine which was provided with a speed governor 
and its own oiling system. A turbine-driven oil pump supplied 
oil to the bearings being tested, and the quantity of oil supplied 
was measured by means of displacement flowmeters in the lines 
to the bearings. 

Calibrated Fahrenheit thermometers and thermocouples were 
placed in each inlet and outlet oil line. The thermocouples 
were used to check the temperature rise. In order to measure ac- 
curately the average outlet-oil temperature, the thermometers 
were placed in a tee where the direction of flow changed from the 
horizontal to the vertical. An orifice placed in the discharge line 
had a thermocouple located directly back of it. 

Oil coolers were provided to maintain a constant inlet-oil tem- 
perature. A constant head of water on the cooler was maintained 
by means of a gravity-flow system. 

Load was applied to the top of one of the bearings, as illustrated 
in Fig. 2, through a beam which was pivoted on rollers at the 
bearing, pivot point, and applied load. 


Discussion oF Tests AND Mzruop oF PRESENTING RESULTS 


The values of specific heat 5, absolute viscosity Z, and specific 
gravity p, of the oil were based on the average of the inlet and out- 
let temperatures. : 

In the early part of the testing work, the flow of oil to the bear- 
ings was maintained constant so as to eliminate the effect of that 
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TABLE 1 PRINCIPAL DIMENSIONS AND RANGE OF TEST CONDITIONS FOR BEARINGS TESTED 


Clearance ratio, 


mils per in. Top-half 
——diam——— grooves, 
Test Dimensions Hori- width x 
no. l X d, in. Vertical zontal depth, in. Feed type 
il 3X 3 2.0 3.0 None On up-coming side 
2 30 5 2.0 3.0 13/4 X 1/32 On up-coming side 
3 BCS 2.0 5.0 13/4 X& 1/32 On up-coming side 
4 3 x sia 2.5 5.0 13/4 X V/a2 On up-coming side 
5 3X 31/4 2.0 5.0 13/4 X 1/32 On up-coming side 
6 36/4 3.0 4.7 13/4 K 1/32 On up-coming side 
7 4x4 2.5 3.0 9 de Ore On up-coming side 
8 4x4 2.5 5.0 2X 1/16 On up-coming side 
9 6 X 43/4 13 2.5 1X Mis On up-coming side 
10 6X 8 1.3 2.5 (2) 1 X tie On up-coming side 
ll 8 X 61/4 11583 5.0 11/4 X 1/32 On up-coming side 
(diagonal) ; ; 
12 8 X 61/4 1.3 Pati l/s X 1/32 On up-coming side 
(diagonal) 


Nors: Are of babbitt of loaded surface = 120 deg — 130 deg. 


BEARING 
CAP 
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Fre, 2 


Brarine Test StTanpD 


variable, and it was found that, for each value of bearing pressure, 
the coefficient of friction varied exponentially with ZN/p; in 
other words a straight-line curve on log-log paper was obtained 
for f versus ZN /p at each value of unit pressure. 

Later, when the total flow of oil to the bearings was varied, it 
was found that for each value of pressure the coefficient of friction 
varied exponentially with ZNQ/p. (It should be understood that 
the flow of oil Q is the total amount supplied to the bearing, 
which may be more or less than the amount of oil which flows 
between the journal and lining on the loaded side.) The resulting 
values of f were then plotted against ZNQ/p for various values 
of p, Figs. 3 and 4. It was also found that a cross plot of f versus 


————- Range of test conditions— — 
Drain type Pp, psi N,rpm ° centipoises Q, gpm 
Through ends of lining 57-521 8000 10-13 0.6-1.0 
Through ends of lining 57-521 4000-12000 11.5-18 0.5-1.0 
Through ends of lining 57-521 8000 12-18 2.0-3.5 
Through ends of lining 52-480 4000-12000 6-15 0.6-3.5 
Through ends of lining 52-480 8000-12000 11.5-18 1.2-2.85 
Through ends of lining 52-480 4000-12000 6-20 0.5-3:.5 
Through ends of lining 59-775 4000-12000 15-19 0.95-6.6 
Through ends of lining 59-775 4000-12000 10.6-17.4 0.9-5.5 
1/2 X 1/4 orifice 86-500 3600-6000 7-20 1.7-9.0 
1/> X 1/4 orifice 51-355 3600 T5=16 2).5-9).10 
Through ends of lining 59-416 3600-6000 6.5-19.5 3.0-15.5 
Through ends of lining 60-500 3600-6000 7-15.5 5.0-16.0 
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» at constant values of ZNQ/p gave a straight-line curve on log- 
log paper. Thus, we are led to believe that 


ZN 
5 = ¢d2 ee ») 
Pp 


for a given bearing when J/d and d are constant, as illustrated in 
Figs. 3 and 4. 

The cross plot of f versus p for constant values of ZNQ/p gave 
a check upon the accuracy of the test results. 

A detailed discussion of the results of the tests on all the bear- 
ings need not be given here. However, the results on one of 
the 3 X 3-in. bearings are of particular interest. The first test 
on this bearing was with 0.006-in. clearance in the vertical plane 
and 0,009-in. clearance in the horizontal plane and with no groove 
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in the top half but with oil fed to both sides at the horizontal joint. 
The second test was run on the same bearing with a 1/3. X 13/,-in. 
circumferential groove over the top half and the feed was on the 
upcoming side of the shaft. In the third test, the horizontal 
clearance was increased to 0.015 in. Fig. 5 is a plot of the results. 
These tests clearly show that a circumferential groove in the top 
half and relatively large clearances are required to give minimum 
loss in high-speed bearings. 

The following formulas were used in working up test results: 

Relationship of total load and unit pressure 


33000 12 xX L 
0.746 r X 2aN 
84400 L 
as a pelhereiols eleidietencreieieie bie 18-8 [3] 
rN 
By definition 
84400 L 
i SS IRN SS. Saeed penn apeoe oS [4] 
rNW 
Heat-balance formula 
AtsQ a 
56.87 
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The values of specific heat 6, absolute viscosity Z, and specific 
gravity p, are shown in Fig. 6 for the oil used in test. 

Most of the tests were made on bearings whose length was not 
equal to the diameter. In order to compare bearings properly, 
they should be geometrically similar. Results of tests, therefore, 
have been transposed, by means of the following method, to 
bearings whose I/d ratio equals unity. 


Giimbel? expresses the loss in a bearing as 


IN= Rud \/ 20 edllpd)a so ee (6]}3 
from Equations [3] and [4] 
pe OPN DIG Rae cecal aniete Pekar [7] 
So for variable bearing length and constant values of p, Z, w, and 
d 
Liye | + 4d)h (8] 
im (aa OR eS 
and 


hi (h + 4d) 
fe NVh+4dh 


Although Equation |6] does not contain an expression for the 


2“Steam and Gas Turbines,” by A. Stodola (English translation 
by Lowenstein). McGraw-Hill Book Co., Inc., New York, N. Y., 
1927, vol. 1, p. 477. 

3 The factor (1 + 4d) was originally used by Giimbel? to take ac- 
count of the end leakage in a bearing. 
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flow of oil Q, the assumption has been made that Equation [9] 
is true at constant values of ZNQ/p. Since transformations 
from one value of the coefficient of friction to another were made 
only for small changes in bearing dimensions, it is felt that errors 
due to this assumption are small. 

In order to determine the relationship of f and ZNQ/p for 
the bearings of various size, curves at constant pressures of 150 
psi and 600 psi were drawn as shown in Figs. 7 and 8. 

Hersey‘ has shown by means of dimensional analysis that 


as 
ps pda 


z BN ert 
naked 


thus removing the requirement for geometrical similarity so 
far as the clearance-diameter and length-diameter ratios are 
concerned. The tests herein reported also indicate that in addi- 
tion 


ll 


and 


J = ¢s(Id) 


when 1/d is constant. 
This relationship is illustrated in Figs. 7 and 8, in which a family 


4“The Theory of Lubrication,’ by M. D. Hersey, John Wiley & 
Sons, Ine., New York, N. Y., 1938, pp. 86, 87, and 88. 
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of f versus ZNQ/p curves, drawn at constant values of p, give 
straight lines on log-log paper with ld as the parameter. The 
curves are drawn parallel to each other in order to simplify the 
mathematical derivation of the power-loss formula. Some slight 
shifting of the actual test curves was necessary to make them 
parallel. 

A unit load of 150 psi was selected as the value on which to 
base the loss formula, since in turbine and gear work the bearing 
pressures vary from 50 to 200 psi, and the loss variation with load 
within this range is not very great. Fig. 9 illustrates the varia- 
tion at 5000 rpm for loads from 50 to 600 psi for a 6 X 6-in. 
bearing. 
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DERIVATION OF PowER-Loss FoRMULA 


In order to demonstrate the interrelationship of the primary 
variables affecting the power loss in bearings, Equation [1] was 
derived from the test data. The formula is entirely empirical 
and it should be noted is based on data which have been made 
consistent within itself. An analysis of the derivation follows: 

Referring to Fig. 10, log f, plotted against log ZNQ/p at 
constant pressure, gives a series of straight-line curves with the 
bearing size Id as a parameter. These straight lines may be ex- 
pressed mathematically by an expression of the form 


log f = log fo + mlog ZNQ/p........... {10} 
where 
fo = function of p and Id 
m = function of p 
Now 
opeiiy ce Weyer SS 7 oe Uae. oe pene ee [11] 
where 
to’ = function of p 
m' = function of p 


Hence 
log f = log fo’ + m’ log (ld) + m log ZNQ/p 
log f = log [fo’(ld)”’ (ZNQ/p)™] 


or 
2S (AU AGN Doar sober dcenee. {12} 
From the definition of the coefficient of friction 
ndNwWwf 
= —— = (0),00000592 pNdi(id)f...... 13] 
12 X 33000 y PDS (13) 
0.746 


Substituting Equation [13] in Equation [12] 
L = 0.00000592 p!—™ fo/lit '™d2+™’N14+™Z™Q”. [14] 


From the master curves of which Figs. 7 and 8 are examples at 
150 and 600 psi, respectively, the values of fo’ and the slopes m 
and m’ may be determined. Choosing p equal to 150 psi and sub- 
stituting the values of fo’ and m and m’ in Equation [14] gives 
the power-loss equation 


N 1,43 
iby = DEN Se ATE a CIEE OT AIS a) [1] 


As derived, Equation [1] applies strictly to 150-psi bearing 
pressure. For other values of pressure, a slight change occurs 
in the value of the constant and exponents. 

Typical curves of speed versus loss, Fig. 11, and bearing 
length versus loss, Fig. 12, have been plotted by use of this 
formula. Curves illustrating the effect of other variables on loss 
can be plotted. 


Errect or Top-Haur GRoovING on Loss 


The addition of a groove over the top half of a journal bearing 
reduces the loss somewhat, but the size of the groove used has 
little effect on the value of the loss. As recorded in Table 1, the 
width of the groove was varied from '/; to */s of the bearing length. 
The effect on the power loss was not measurable in these tests, 
the reason for this being that a vacuum occurs over a large por- 
tion of the upper half. 


Appendix 
Comparison WiTH OTHER INVESTIGATORS 


(a) Tests made by Metropolitan-Vickers® at Trafford Park, 
Manchester, England. 


*Tests made by the Metropolitan-Vickers Company, Trafford 
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Fie. 14 Comparison or LyNN Bearine Test WiTH THEORETICAL 
CALCULATIONS 
(p = 150 psi; Z = 13 centipoises.) 


The first test was made on a 12 X 16-in: cylindrically bored 
overshot bearing with 0.0025 in. per in. clearance and a 9!/,-in. 
circumferential groove 0.015 in. deep in the top half. The are 
of contact was approximately 140 deg. 

The data given for this test were worked up to obtain values of 
f and ZNQ/p. 

Curves of f versus ZNQ/p and f versus p were drawn for a 
12 X 16-in. bearing, based on the authors’ results. 

The Metropolitan-Vickers test points were then plotted as 
shown in Fig. 13 and very good agreement was obtained with the 
Lynn test curves. 

This close agreement indicates that the loss formulas developed 
from the tests and presented in this paper are correct. It also 
illustrates that the method of working up and presenting the 


Park, England; partially reported in ‘‘Steam Turbine Journal Bear- 
ings,’”’ by H. L. Guy and D. M.Smith. General Discussion on Lubri- 
cation and Lubricants, The Institution of Mechanical Engineers, 
London, England, vol. 1. American edition published by Tue 
American Socrery oF MErcHANICAL ENainEERS, May, 1938, pp. 
115-121. 
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data gives a direct means of comparison of test data on various 
sized bearings of similar design. 

(b) A comparison of the bearing-loss formula developed at 
Lynn with results of other investigators has been made. Fig. 14 
shows the results of these comparisons for 3 X 3-in., 6 X 6-in., 
and 10 X 10-in. bearings with a viscosity of 18 centipoises and 
unit pressure of 150 psi. All of the formulas have been transposed 
and simplified in order to have the same nomenclature as is used 
in this paper and to be directly comparable. 

1 Curves based on the tests made at Lynn are drawn for At 
= 30 F and Q = 3 gpm for each bearing. 

2 The equation as given by Ljungstrom is based upon a At 
of 30 F and in terms of our notation is 


wh \? 
L = 0.01565ld?-? Ss (GPs co cemes [15] 


It is evident from Fig. 14 that the Ljungstrom formula gives 
losses that are slightly high for the 10 X 10-in. bearing and 200 
to 300 per cent low for the 3 X 3-in. bearing, in the high-speed 
range (10,000 to 15,000 rpm). 

3 In the work by Hersey,* Newton’s law of viscosity is ap- 
plied to Petroff’s equation for a concentric, full journal bearing; 
that is, one which is slightly enough loaded and running at high 
enough speed so that the journal is well centered in the bearing. 

The moment of friction, or torque, is 


T = 2.38 X 10-8 (d/c)(l/d)ZNd*.........- [16] 


The loss may be expressed as 


QnNT _ 0.746 
ieee cS (on ae [17] 
12 X 60° 550 
Then 
QanN N 0.746 
5 EN eid) 0.145) lO | a 
TIO eet a & 550 
or 
L = 0.283 X 10-* Z(N/1000)2 d*(d/c)(I/d)..... [18] 


It is interesting to note the close agreement of this simple 
fundamental equation with our results at a viscosity of 13 centi- 
poises. At other viscosities, the agreement will not be quite as 
good. 

4 An analysis of bearing theory by Gitmbel? gives the follow- 
ing expression for loss: 


Loss in lb-ft per sec = K,U~/Z(. + 44) UW . ee LO 
where 
Koy = a function of p, Z, U, 1, d 
Assuming an average value of Ko = 2.2, this reduces to 
L = 35.7 X 1076Z-5(N'/1000)1-5p°-519-5d2(1 + 4d)%5.. [20] 


The factor (J + 4d) takes care of the end-leakage effect for various 
ratios of J to d. 

5 §. J. Needs® has developed a loss formula which includes 
the effect of end-leakage and clearance ratio. For the purpose 
of comparison, the formula has been transposed on the assump- 
tion of l/d = 1 and for minimum coefficient of friction. 


Under these conditions 


L = 49.8 X 10-&Z-5(N/1000)!-5 p°-' d7l.......- (21] 


6 “Wffects of Side Leakage in 120-Deg Centrally Supported Journal 
Bearings,”’ by S. J. Needs, Trans. A.S.M.E., vol. 56, 1984, pp. 721- 
732. 
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Discussion 


H. D. Emwerr.? The present state of disagreement that 
exists between the various published bearing-loss formulas is 
amply illustrated by Fig. 14 of the paper. The degree of varia- 
tion between the formulas used by the authors for comparison 
is of the order of 100 per cent, and the writer is aware of other 
loss equations in common use which would increase this dis- 
crepancy considerably. 

Many papers have been published in recent years covering the 
theoretical phases of journal- and thrust-bearing design, but 
few of these have given results which could be reduced to a 
simple formulation of the pertinent measurable variables. The 
authors’ presentation of the test results of bearings as used in 
steam turbines manufactured by their company is a notable 
addition to the published literature on practical bearing per- 
formance. 

The writer has found that, in the great majority of cases, 
the power loss of a lightly loaded bearing may be calculated with 
a fair degree of accuracy by a formula of the Petroff type, 1.e., 
based upon the simple shear forces in an evenly distributed oil 
film, with due allowance for any relief in the bearing surface. 
For this reason, it has been felt that any formula derived from 
practical tests would best be expressed as a correction to the loss 
for an unloaded concentric bearing. This becomes logical 
when it is considered that the major portion of the loss must 
result from the average viscous friction around the bearing 
circumference, regardless of the degree of eccentricity and side 
leakage. y 

This conception is borne out from the theoretical standpoint 
by a short analysis made by the writer of the data presented 
by 8S. J. Needs® as a result of solutions by electrical integration 
for 120-deg bearings of finite width. The method of calculation 
outlined by Needs is quite lengthy, and it was felt that the data 
could be formulated for easier solution by plotting the results 
in a manner which could be closely approximated by simple 
mathematical curves. The resulting formula, valid for 120-deg 
top and bottom bearings, of the dimensional range encountered 
in turbine-bearing design, may be expressed in the form 


HP =s75 dere, Ba [i410 +1274) 
Siar tet \ 1000 om ee. 


where HP = bearing loss, hp 


d = bearing diameter, in. 

1 = bearing length, in. 

» = absolute viscosity, psi per sec 

c = clearance ratio, diametral clearance/journal di- 
ameter 
rpm 


a 
ll 


= unit load, psi 


The first part of the formula is easily recognized as an expres- 
sion for the loss in an unloaded centrally running bearing. This 
expression is modified by a term proportional to the Sommerfeld 
variable which in turn includes a side-leakage factor. Therefore 


7Steam Turbine Department, Allis-Chalmers Manufacturing 
Company, Milwaukee, Wis. 


8 Ref. (6) of paper. 
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the amount of total loss in a given bearing in excess of the loss 
when running concentrically is indicated in the numerical solu- 
tion by the value of the modifying term. 

This formula is not presented by the writer as necessarily 
representing true values of the losses encountered in commercial 
bearings, but rather as a type of equation giving an immediate 
picture of the degree of loading on a bearing, as a function of the 
measurable bearing dimensions. As a matter of interest, how- 
ever, the agreement with the authors’ formula is quite close for 
the two smaller bearings indicated in Fig. 14. 


M. D. Hersey.? While the authors’ power-loss equation is 
of exceptional interest as a step in establishing the laws of lubri- 
cation of journal bearings, it is not dimensionally homogeneous. 
Consequently, its use is limited to the range covered by the tests. 
This valuable study might yield information of wider applica- 
bility if expressed in dimensionless variables. See, for example, 
Edgar Buckingham’s study of windage losses in steam turbines,” 
as well as his paper! of 1915. 

Equation [1] of the paper might be reconstructed by formu- 
lating the coefficient of friction for geometrically similar bearings 
as a function of the appropriate dimensionless variables, for 
example ZN/p, Q/Nd’, hNd?/k, and ap/h. In the foregoing h 
denotes the heat capacity of the lubricant per unit volume and k 
its thermal conductivity, while a is the temperature coefficient of 
viscosity, or fractional change in viscosity per degree rise of tem- 
perature. 

The second of the four variables was introduced’? to provide 
for forced lubrication, a condition excluded when ZN/p is used 
alone. The third and fourth are more familiar in thin-film 
lubrication, but applicable to thick films when the viscosity is 
nonuniform.!’ If the viscosity differences are very great a fifth 
variable such as a’/a? may be required, in which a’ denotes the 
rate of change of a with temperature, assuming our object is 
to set up charts or equations valid for more than one lubricant. 
These complications can be avoided to some extent if the vis- 
cosity Z is estimated from the mean temperature of the bearing 
surface, rather than by averaging the inlet and outlet oil tem- 
peratures. 

It is to be hoped that the tests may be continued in order to 
check some of the present results both with and without insula- 
tion, using a transmission or cradle dynamometer, and with 
thermocouple junctions in the bearing metal. 


9 Research Director, Morgan Construction Company, Worcester, 
Mass. Fellow A.S.M.E. 

10 ‘‘Windage Resistance of Steam Turbine Wheels,” by Edgar 
Buckingham, Bulletin, U. S. Bureau of Standards, vol. 10, 1913, 
pp. 191-234. 

11 “Model Experiments and the Forms of Empirical Equations,” 
by Edgar Buckingham, Trans. A.S.M.E., vol. 37, 1915, pp. 263-296. 

12 “On the Laws of Lubrication of Journal Bearings,” by M. D. 
Hersey, Trans. A.S.M.E., vol. 37, 1915, pp. 167-202. 

13 Ref. (4) of paper, p. 84. 


TABLE 2 COMPARISON OF DATA ON TURBINE BEARINGS FROM 


623 


G. B. Kareurrz.4 Reliable test data on the friction in high- 
speed bearings are rather scarce, and the published test results 
of this paper are very welcome. The authors decided to present 
the coefficients of friction as functions of ZNQ/p, apparently 
because for each individual bearing these functions give a straight 
line on log-log paper for each individual value of p, the pressure 
on the projected area. 

The interpretation of the test data may be criticized on the 
ground that the friction losses in the bearings, i.e., the values of 
f (coefficient of friction), are caused and determined by the 
actual viscosity of the oil in the film. The viscosity of the film de- 
pends upon the temperatures obtaining actually in the film 
itself. These temperatures vary from point to point in the 
films, but not much. The film is so thin that the temperatures 
cannot differ appreciably from the temperature of the journal 
itself. It is, therefore, permissible to consider a uniform average 
temperature of the film in all computation of frictional losses. 
But this temperature is not the ‘average of the inlet and out- 
let temperatures” used by the authors for the basis of their 
analysis. The film is the source of heat and its temperature is 
the highest in the bearing. The oil leakage from the bearing 
ends mixes with cooler oil flowing direct from the relief into the 
end grooves or into the pedestal, the temperature of the mixture 
being the outlet temperature. In the writer’s experiments, the 
temperature of the film was measured by thermocouples in- 
stalled either flush with the bearing or at a depth of a few thou- 
sandths of an inch from the bearing surface. With forced lu- 
brication this temperature was from 5 to 20 F higher than the 
outlet temperature in turbine-type bearings. The difference is 
smaller in larger bearings where the oil can flow through the 
clearance with greater ease than in smaller bearings where the 
direct crossover is more pronounced from the relief groove into 
the end grooves. 

The writer noted that the coefficients of friction given in the 
chart published by McKee, where they are plotted against 
ZN /P, and determined empirically on small automobile bearings, 
applied sufficiently well to turbine bearings of usual design. 
The paper does not tabulate data on the oil flow, temperatures of 
inlet and outlet oil, revolutions per minute, and load for individual 
runs; nevertheless, the writer attempted to apply the McKee 
chart to the 3 X 3-in. and to the 8 X 61/,-in. bearings used 
in the plots, Figs. 4 and 5 of the paper. It was assumed that 
the cooling water and oil flow were regulated so that the 
inlet-oil temperatures were 150, 165, and 180 F, while the tem- 
perature rise of the oil through the bearing was 15 deg for the 
larger and 30 deg for the smaller bearing. The required oil 
flow Q was determined on the basis of McKee’s chart. The 


/ 


1000 p 


value was then found, where Z’ is the viscosity based on 


14 Professor of Mechanical Engineering, Columbia University, 
New York, N. Y. Mem. A.S.M.E. 


McKEE CHART WITH THOSE FROM AUTHORS’ FIGS. 4 AND 5 


————Authors plotting 


Q Computed on basis of McKee’s chart 
Fi 


Oil Base 


Inlet Outlet ilm : ; _ 
temp, temp, temp, Viscosity ZN Pi flow Q, temp, Viscosity, Z'N® 
F F F ZCp Pp (McKee) gpm F "Cp 1000p 
Bearing No. 2: 3 in.by 3in.; c/d = 0.0025 (avg); p = 220 psi; W = 1980 lb; N = 6000 rpm; At = 30 F; T of film = Tout + 20 F; 6 = 3.42 Btu 
= y ‘ per gal per deg F; Q = 116 f, Eqs. [4] and [5] 
150 180 200 .5 258 0.0060 0.69 165 16.7 0.32 
165 195 215 dete 210 0.0051 0.59 180 13.0 0.22 
180 210 230 6.4 174 0.0044 OvoL 195 10.3 0.14 
Bearing No. 2: 3 in. by 3in.; c/d = 0.0025 (avg); p = 220 psi; W = 1980 lb; N = 9000 rpm; At = 30 F; Thitm = Tout + 20 F; 6 = 3.42 Btu per 
gal per deg F; Q = 116 f, Eas. (4] and [5] ‘ 
150 180 200 9.5 388 0.0085 1.48 165 16.7 1.01 
165 195 215 Tar 315 0.0071 1.23 180 13.0 0.65 
180 210 230 6.4 252 0.0059 1.03 195 10.3 0.43 
Bearing No. 12: 61/«in. by 8in.; c/d = 0.002 (avg); p = 276 psi; = 13,800 lb; N = 3600 rpm; At = 15 F; Tfilm = Tout + 5 F; 5 = 3.46 Btu per 
gal per deg Fy Q = 2020 f, Eqs. [4] and [5] 
150 165 170 15.4 201 0.0059 11.9 157.5 18.3 2.86 
165 180 185 11.8 154 0.0048 9.7 172.5 14.9 1.88 
180 195 200 9.5 124 0.0041 8.3 187.5 11.2 1.22 
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the average of the inlet and outlet temperature; this, with f, 
was entered into Figs. 4 and 5 and compared with the corre- 
sponding curves. The procedure is given in Table 2 of this 
discussion. 

It was found that the six points obtained in Fig. 5 and the 
three entered in Fig. 4, were very close to the 220-psi and 276- 
psi curves, respectively. In fact, the deviation was of the same 
order as that of the points plotted by the authors. 

It might be suggested that the authors supplement the paper 
with a table giving the test data, 7, fin, tour, N, and Q, pertaining 
to the points plotted in Figs. 3, 4, and 5. This would help 
engineers to interpret the tests to suit themselves. This complete 
record would enhance the usefulness of the contribution. 

The authors and their Company should be congratulated on 
the publication of really valuable test data; those who work in 
this field realize the amount of time and effort represented by the 
reported experiments. 


F. Nacumr.'® The authors’ presentation is extremely com- 
mendable, combining, as it does, basic analyses of the factors 
inherent in the successful lubrication and operation of bearings, 
the correlation of various test programs, and even the inclusion 
of practical mechanical details such as the nature of the groov- 
ing. 

It would be of further particular interest to have comments 
on the length of the bearing. Fig. 2 of the paper, shows a length 
slightly greater than the diameter. At what point of length- 
to-diameter ratio does the self-aligning feature cease to become 
operative? For example, it is rather difficult to imagine a 
bearing of a length equal to one half the diameter of the shaft 
having a very effective self-aligning feature. At some point 
where this occurs, there must be such high pressures at one end 
of the bearing as to make average figures of pressure distribution 
rather fictitious. 

If the total flow of oil to the bearing Q is large in comparison 
to that which is actually effective between the bearing surfaces, 
is it not fair to assume that the excess oil is merely a cooling 
medium, more or less inefficiently supplied to the bearing housing 
and haying very little to do with the bearing itself? If such is 
the case, is it not a little out of order to use the total Q, as is done 
in the text immediately below Fig. 2, as a basis for a study of 
the bearing action itself? 

Some comment by the authors would be of interest as to the 
effect of water cooling in practical application of the design data 
presented. Is it not possible to obtain very much more effective 
cooling by circulating a cooling medium directly in the shell 
itself, than by cooling the oil which goes over and around that 
shell? 

Comparison of some of the old rules of some methods as, for 
example, requiring water cooling when the heating factor (pres- 
sure per square inch X velocity) is above 50,000 and not re- 
quiring it when the heating factor is below, say, 25,000, with 
intermediate determinations based on the duty in question, 
would be of interest from the standpoint of the authors’ analysis. 
This suggestion is ventured rather diffidently in the full realiza- 
tion that mentioning such rules, against the background of the 
authors’ analysis, places the writer in a decidedly vulnerable 
position. 

All users of bearings, high-speed and otherwise, will be par- 
ticularly grateful to the authors for their excellent presentation. 


S. J. Nezps. In its present stage of development journal- 

1 Chief Engineer, Canadian Allis-Chalmers, 
Canada. Life Member A.S.M.E, 

16 Research Engineer, Kingsbury Machine Works, Inc., Phila- 
delphia, Pa. Mem. A.S.M.E. 
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bearing theory is not complete, hence the necessity for tests. 
Even if not entirely satisfactory, however, it has been found that 
theory generally gives power losses in fair agreement with actual 
conditions. For this reason, the writer was impressed by the 
apparent discordance between theory and test results, indicated 
by the lack of agreement between the curves in the authors’ 
Fig. 14. Here, the disagreement is of the order of 100 per cent, 
the upper curve in each group indicating power losses about 
twice as great as the lower curve. 

Perhaps the reason for this is the basis upon which the com- 
parisons are made. The authors’ tests were made with a loaded- 
bearing arc of 120 to 130 deg, and a cap, presumably of equal 
arc, with grooves of various widths and depths. A fair approxi- 
mation to total useful bearing area might be 50 per cent that of 
a 360-deg bearing of similar size. Various clearance ratios were 
used in the tests and, in each bearing, the clearance ratio was 
less in the vertical than in the horizontal diameter. Among 
others, these bearings are compared with (a) 360-deg bearings 
assumed to be so lightly loaded that the shaft runs exactly in 
the center of the bearing, and (6) a 120-deg bearing without a 
cap, running under optimum friction conditions. Since the 
assumed load of 150 psi is relatively light, it is quite likely that 
at higher speeds the assumption of concentric running is justified. 
Hence, a comparison under (a) should be made for equal bearing 
areas and equal clearance ratios. Since the eccentricity is small, 
comparison under (6) should not be made at the optimum 
eccentricity ratio, which for the case in point is 0.612. The 
clearance ratio also enters this picture, although it has been 
neglected in the authors’ Equation [21]. 

It was interesting to note that power loss varies with the 
quantity of oil supplied to the bearing. In lightly loaded 
bearings the power loss is closely proportional to the mean film 
viscosity. Increase in oil supply results in better cooling, thus 
increasing the mean film viscosity. From this point of view the 
addition of Q to the parameter ZN/p might be unnecessary, 
since, presumably Z represents mean film viscosity. 

Experimental data on power losses in high-speed journal 
bearings are seldom found. The authors are to be congratulated 
on their practical contribution. 


F. W. Kavanacu.!7 This paper is a definite contribution to 
our knowledge of journal-bearing lubrication, and will be of real 
value both to designing and lubrication engineers. The ex- 
tremely high speeds used and the practical commercial bearing 
sizes employed add both to the interest and the value of the 
paper. 

The authors have introduced a new function ZNQ/p, which is 
shown by their data to have greater utility than the function 
previously used ZN/p. It is of interest that ZNQ/p versus f 
forms straight-line curves with logarithmic coordinates, whereas, 
to obtain a similar correlation of ZN/p versus f, most investi- 
gators have employed rectangular coordinates. However, the 
authors state that they obtained a straight-line relationship on 
log-log paper by plotting f versus ZN/p at each value of unit 
pressure. 

: ZN 

On the basis of dimensional analysis the expression f = K or 
can be balanced as follows 


Sige ten o 
_ (ML TY(T-Y 
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M = mass 
L = length 
T = time 


On the other hand, if Q is included, the dimensions of f would be 
MLT~-?/T = ML/T-*. However, it is obvious from the charts 
presented that the data obtained correlate well with the ZNQ /p 
variable and this is considered of greater importance than any 
theory. 

It is difficult to explain why Q, the quantity of oil supplied to 
the bearing, should have an independent effect on the friction 
or power loss. If we assume that, for all operating conditions 
used, or in other words for all values of Q, the bearing was com- 
pletely filled with oil, then additional oil would influence only 
the end effects. If, however, the bearing were not completely 
filled, additional oil would tend to increase the amount of oil 
in the bearing and increase friction by increasing the amount of 
shearing of the oil film. 

It can also be theorized that, under the very high operating 
speeds employed, the oil flow in the bearing does not follow the 
usual pattern of viscous or laminar flow. In this case, changes 
in quantity of oil supplied to the bearing could easily influence 
the amount of turbulence and therefore affect friction directly. 
Any explanation that the authors could supply regarding 
reasons why Q, the quantity of oil, should influence friction would 
be of interest. It might also be well to mention the limits of 
application of the formulas including Q, because they would not 
be suitable for a bearing that operated with an intermittent oil 
supply or for long periods with no additions of oil. 


H. M. Orro.’8 The authors are to be complimented for their 
presentation of important original data and novel form of power- 
loss formula. 

This formula (in terms of horsepower) 


HP = 3.77 X 10-3 dt-® 19.55 (N/1000)!-43 Z%43 Q43. [22] 


is convenient where the flow Q has already been measured or 
fixed. 

However, the following form may be derived which may be of 
greater convenience when the designer wishes to determine the 
loss for a given temperature rise. 


GND Sa IEOS ING = 65 denn sos duoe ee (23] 


Where S is the specific heat of the oil in Btu per gallon per deg 
F, M.T.D. and At the temperature rise, deg F. Substituting 
Equation [23] in Equation [22], inserting the proper constants, 
and solving, we obtain 


HP = 0.94 X 10-8 d?-72 1.95 (N'/1000)2-51 Z.75 (S At)~ 9-7 


Equation [22] may be occasionally difficult to manipulate due 
to the interdependence of the variables Z and Q. Further 
experimentation may divulge, however, a form of equation free 
from this difficulty, such as taking Z at the inlet or outlet condi- 
tions. 


J. F. Sprecex.'? The authors mention the theoretical formula 


ZN c U\ 
pa (2% ‘ :) derived by Hersey. From this formula it 
P 


follows that, for a bearing of given geometrical conditions, the 
coefficient of friction f is a direct function of the term ZN/p, 
which means that, for all operating conditions of a given bearing, 


% Turbine Engineering Department, Control Section, General 
Electric Company, Schenectady, N. Y. Jun. A.S.M.E. 
1 Design Engineer, Kingsbury Machine Works, Inc., Phila- 
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the values of f can be represented by a single curve. Experi- 
mental investigations, as for instance those by the McKee’s” 
have shown that under conditions of perfect lubrication this. 
actually is the case, the deviations being within reasonable limits. 

In the light of these facts, it seems somewhat surprising that 
the data for f, as found by the authors, vary widely for given 
values of ZN/p being evidently influenced by changes of the 
unit pressure p and the rate of oil supply Q. 

For this apparent contradiction to the theoretical conclusions 
an explanation can be offered in the opinion of the writer. As 
stated by the authors, the values of the mean operating viscosity 
have been based on the average of the inlet and outlet tem- 
peratures of the oil. A closer examination of the operating con- 
ditions, however, reveals that the inlet and outlet temperatures 
alone do not give sufficient indication of the actual temperature 
of the film. 

In all test cases, the oil is fed to the upcoming side of the 
journal. As soon as it enters the axial groove alongside the 
journal, a mixture takes place with the hot oil discharged from 
the loaded section of the bearing. This mixture of hot and 
cold oil travels through the top half, being further heated up due 
to the friction losses there, and then reaches the longitudinal 
groove on the downgoing side. Out of this groove the journal 
draws in a certain amount of oil, the remainder being discharged 
to the outlet pipe. During the travel through the loaded section 
a certain percentage of the oil is squeezed out through the ends 
of the lining due to side leakage. 

From the foregoing, it follows, not only that the average quan- 
tity of oil flowing through the loaded section is as a rule much 
smaller than the gross quantity of oil fed to the bearing, but also 
that the effective supply and discharge temperatures are neces- 
sarily much higher than the temperatures measured. Conse- 
quently, the actual mean operating viscosity in the loaded section 
is considerably smaller than that derived by the authors. 

The exact calculation of the mean operating temperatures 
encounters considerable difficulties due to the complex interrela- 
tion of all the variables in question. It is, however, possible to 
make some approximations which simplify the calculation with- 
out involving serious errors. Preliminary studies in this 
direction have been made by the writer and, if the viscosities 
derived hereby are introduced into the term ZNQ/1000p then 
also the theoretical curves show variations of f due to changes 
of the unit pressures, and the values of f approach fairly closely 
the experimental results found by the authors for given operating 
conditions. Of course, when plotting f directly versus ZN /p a 
single curve is obtained irrespective of the variations of Q and p. 
Thus, it is proved that also in the case of high-speed bearings, the 
simple theoretical relations hold true. 

It is readily admitted that the empirical formula developed 
by the authors is of great usefulness in most practical cases; 
however, it is felt that in extreme cases it will be advisable to 
resort to thorough theoretical studies in order to gain a clear 
picture of the actual working conditions. A correct determina- 
tion of the actual minimum thickness of the oil film, which is a 
criterion of the safety of the bearing, is not possible without knowl- 
edge of the actual average viscosity of the oil. 

In this connection it is suggested that, in future experimental 
investigations of high-speed bearings, measurements be taken 
also of the temperature of the bearing lining inside the loaded 
section by means of thermocouples or other suitable instruments. 


2 “The Effect of Running-In on Journal-Bearing Performance,” 
by S. A. McKee, Mechanical Engineering, vol. 49, 1927, pp. 13835- 
1340. 

“Friction of Journal Bearings as Influenced by Clearance and 
Length,” by S. A. McKee and T. R. McKee, Trans. A.S.M.E., vol. 
51, 1929, paper APM-51-15, pp. 161-166. 
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Such data would be of help in verifying the results of theoretical 
studies. 


C. 8. L. Rosinson.2?. The authors have confirmed the fact 
that the quantity of oil supplied to a bearing affects the power 
losses. It might be pointed out, however, that an analysis of 
the results can be made in terms of dimensionless groups. 

Retaining the original nomenclature, assume L = ¢(Q, p, Z, 
Nessie): 

The specific weight of the oil is not included. This assumes 
that not much work is done in lifting the oil from a lower level 
to a higher one, and that the kinetic energy of the oil is not 
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Fig. 15 CoxrFFICIENT OF FRICTION FOR SQUARE Burarines (l//d = 1) 
FOR LARGEST AND SMALLEST VALUES OF Q/Nd3 TESTED 


important. There may be energy expended in pumping oil 
against a pressure change, but this depends upon the volume, 
not the weight, of oil flow. This precludes the possibility of a 
Reynolds number criterion. 

Applying the pi theorem of dimensional analysis 


L = constant X pNd*¢(Q/Nd’, ZN/p, I/d, c/d) or 
i $(Q/Nd’, ZN/p, 1/d, ¢/d) 


The new dimensionless group”? Q/Nd*, might be called the 
“specific oil flow” or the “specific quantity of oil.’”’ It is interest- 
ing to compare it with the dimensionless source strength used by 
Muskat and Morgan?’ 


38ZQr2/ac3W which can be factored into 
constant x (ZN/p)(Q/Nd?) (l/d) (d/c)*4 


qo 
go = 


Furthermore, the test results obtained by the authors are 
consistent with those given by Muskat and Morgan, where 
(r/c)f was plotted against (r/c)? ZN/p for various values of qo. 

The accompanying curve Fig. 15 shows the approximate mag- 
nitude of the effect of Q/Nd’ on the coefficient of friction. This 
is based on some of the authors’ original data for a 3 X 3-in. 
bearing and a 4 X 4-in. bearing. 

The writer is indebted to the authors for permitting the use 
of their results in the foregoing discussion. 


L. M. Ticuvinsxy.* The writer is greatly interested in this 


21Gear Engineering Department, General Electric Company, 
River Works, West Lynn, Mass. Mem. A.S.M.E. 

22 Reference (4) of paper, p. 84. 

23 “The Thick-Film Lubrication of Full Journal Bearings of Finite 
Width,” by M. Muskat and F. Morgan. Trans. A.S.M.E., vol, 61, 
1939, p. A-117. «st 

24'The units of ZN/p are centipoises X rpm/psi; 
Q/Nd3 are gpom/rpm X (in.)’. 

2% U.S. Naval Engineering Experiment Station, Annapolis, Md. 
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paper because of a similar experience of testing a high-speed 
bearing which was described in a previous paper.”® 

Under the heading, “Effect of Top-Half Grooving on Loss,”’ 
there is a statement which, if substantiated, seems of importance. 
It is: ‘The effect on the power loss was not measurable in these 
tests, the reason for this being that a vacuum occurs over a 
large portion of the upper half.’”’ Did the authors measure this 
vacuum and if so what figures have they obtained? The losses 
in the upper half which is not carrying any load must not be over- 
looked especially if the width of the upper shell groove is 2/3 that 
of the bearing length, as mentioned in the paper. In an endeavor 
to segregate the upper-half and relief losses from the lower-part 
losses, the following was done in the case of the 7 X 101/.-in. 
bearing under 202 psi pressure at 3600 rpm: 

For various oil viscosities and a flow of oil of 7.5 gpm the losses 
were calculated separately for the two 90-deg reliefs, the upper 
half and the lower half.27 The average relief clearance was 
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Fic. 16 DisrripuTion oF Losses IN A 7 X 10}!/o-In. HicGH- 
Sppep BRrARING 

(Z = [15 — 22] centipoises; N = 3600 rpm; P = 202 psi; Q = 7.5 gpm.) 
taken from the bearing drawing. The clearance in the upper 
half was calculated by figuring the minimum oil-film thickness 
in the lower half and subtracting it from the total diametral 
clearance. On the curve, Fig. 16 of this discussion, the total 
calculated losses, composed of losses in reliefs, upper half and 
lower half are compared with losses measured during tests. It 
is seen that the difference between the measured and calculated 
losses is greater for higher values of ZN/P. The individual 
losses also increase with speed. In the case of the bearing tested, 
the calculated losses in the upper half and in the reliefs represent 
each about 20 per cent of the total losses so that the losses in the 
lower half amount to 60 per cent of the total bearing losses. 


26 “Tests of a 7 by 10!/2-Inch Bearing at 3600 Rpm,” by L. M. 
Tichvinsky, Trans. A.S.M.E., vol. 60, 1938, pp. 393-397. 

27 For the method of calculation refer to: ‘‘Journal Bearing Per- 
formance,’”’ by R. Baudry and L. M. Tichvinsky, Trans. A.S.M.E., 
vol. 57, 1935, p. A-121. 
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C. D. Wizson.% In their paper, the authors take into account 
the quantity of oil flowing through the bearing. This is an 
important factor which has been long neglected in calculating 
bearing power losses. Over 2 years ago, the writer conducted 
many power-loss tests on high-speed bearings. One of the 
first things noticed was the considerable effect that the oil flow 
had upon the power loss. When the test data were plotted in 
the conventional manner (i.e., coefficient of friction as a function 
of ZN/p), it was found that a separate and distinct curve was 
obtained for each rate of oil flow to the bearing. 

In large high-speed turbine bearings, more oil is usually cir- 
culated than the minimum required for stable operation. This 
is done in order to provide a large factor of safety and to keep 
the operating temperatures within the limits of current practice. 
Much of the excess oil supplied to the bearing spills out the ends 
without passing through the load-carrying portion of the bearing. 
When the oil flow to the bearing is changed, a greater or less 
percentage of the oil is by-passed in this way. This undoubtedly 
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results in a different temperature distribution inside the bearing 
for each rate of oil flow and makes the determination of the 
mean viscosity of the oil film extremely difficult. The authors 
in their paper have taken this into account by modifying the 
viscosity value of the oil at the average bearing temperature by 
the actual oil flow in gallons per minute. The writer, in corre- 
lating his own test data, found that the relation f = ¢(ZN/p) 
agreed well with the test results when the viscosity Z was ex- 
pressed as the ratio of the oil-outlet viscosity Z: divided by the 
square root of the oil-inlet viscosity Z.. By expressing the vis- 
cosity term as a function of both the inlet and outlet viscosities, 
the temperature rise in the bearing is taken into account, and 


28 Steam Turbine Engineering Department, Allis-Chalmers Manu- 
facturing Company, Milwaukee, Wis. Mem. A.S.M.E. 
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test results obtained with different oil flows were found to be 
consistent for the same bearing. 

In order to check test data obtained with bearings of, different 
diameters and loads, however, it was found necessary to modify 
further the ZN/p relation by multiplying it by the diameter d 
and by omitting the unit load p. This resulted in the empirical 


relation 
Z.Nd 
f=¢ = 
Vz; 


Test data showing this relation for two different types of 
bearings are shown in Fig. 17 of this discussion. 
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(p = 150 psi; Z = 18 centipoises.) 

shows the relation for bearings with a groove cut in the top half 
of the bearing and the other curve shows the relation for similar 
bearings without the groove. The test data represent tests on 
twenty-three different bearings, ranging in size from 21/, in. 
diam X 3/2 in. long, to 17 in. diam X 18 in. long, running at 
speeds between 1500 rpm and 8000 rpm. Oil flows were varied 
from 1.2 gpm in the smaller bearings to over 100 gpm in the 
larger bearings. One series of tests was made on a 12-in-diam 
bearing running at 3600 rpm with various oil flows, ranging from 
16 gpm up to 100 gpm, so as to study the effect of oil flow on the 
power losses. Four different oils having Saybolt Universal vis- 
cosities of 150, 210, 350, and 560 at 100 I were used. 

All of the tests were made on commercial bearings operating 
in standard pedestals as set up for regular shop tests, Power 
losses were determined by the heat-balance method. Inlet and 
outlet temperatures were measured by test thermometers and 
oil flows were measured with positive-displacement oil meters. 
Bearing loads were limited by commercial practice to between 
60 psi and 175 psi. Referring to Fig. 17 of this discussion, it is 
interesting to note the reduction in the coefficient of friction for 
a constant temperature rise and constant speed when a groove 
is cut in the top half of the bearing. For a constant oil flow, 
tests showed that the power loss in a 12 X 12 in. bearing run- 
ning at 3600 rpm was reduced by more than 20 per cent when 
a groove was cut in the top half of the bearing and the bearing 
was retested under otherwise identical conditions. 

The power-loss formula for bearings with a groove cut in the 
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top half, as based on the writer’s test results, is expressed (in the 
notation of the paper for comparison) as follows 


A N 3 
1 Q=OS< GS <1 
by = POISE al x x le x 


Fig. 18 of this discussion compares the calculated results obtained 
using this formula with the Lynn calculated results for a 30 F 
rise and a viscosity of 13 centipoises as taken from Fig. 14 in 
the paper. 

The comparison shows exact agreement between the writer’s 
results and the Lynn results at 3600 rpm for the 10-in-diam 
bearing, at 5500 rpm for the 6-in-diam bearing, and at 7500 rpm 
for the 3-in-diam bearing. Although the slopes of the two 
curves are different, they show closer agreement with each other 
than with the other calculated results in Fig. 14 of the paper. 

The writer agrees with the authors in most of their conclusions 
regarding power losses in high-speed journal bearings. Over 
the limited range of unit loads tested, no variation in the value 
of the coefficient of friction with change in load could be de- 
tected. The power loss, however, appeared to vary directly 
with the total load on the bearing. The writer’s tests also 
indicated that the width of the groove in the top half of the 
bearing greatly affected the power loss. This was especially 
true with the larger oil flows which tend to reduce the percentage 
of vacuum in the top half of the bearing. 

It is interesting to note that two independent investigations, 
in which high-speed bearings were tested under a wide range of 
conditions, both indicate that there are additional factors which 
must be considered in order to achieve a closer agreement between 
existing theory and the actual power losses. 
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AuTHoRS’ CLOSURE 


In Mr. Needs discussion, he calls attention to the comparisons, 
made in Fig. 14 of the paper, which comparisons are not accurate 
since some of the curves are for optimum conditions, whereas 
others are based upon 150 psi loading. Fig. 19 of this closure, 
makes a comparison of the various formulas based upon a load 
of 150 psi, and an absolute viscosity of 13 centipoises. Regard- 
ing curves 3 and 5 the following assumptions have been made: 


Top half groove Clearance ratio, 


Bearings, in. width, in. mils per in. 
10 X 10 4 ys 
6 X 6 below 6000 rpm 2 LB} 
6 X 6 over 6000 rpm 2 2 
3x3 1 2 
Norn: Are of contact: 120 deg for top half, and 120 deg for 


bottom half. 


It is interesting to note the close agreement of Petroff’s funda- 
mental equation with the results given in the paper at a viscosity 
of 13 centipoises. At other viscosities the agreement will not 
be quite as good. 

In a number of the discussions, the advisability of the use of 
“flow of oil” through the bearing has been questioned or has 
been favorably commented upon. It is quite possible that the 
flow of oil through the bearing affects other variables so that, if 
the effect were known, it would be possible to disregard the factor 
“flow of oil.’? However, so far as the design of bearings for use 
in service is concerned, the question of flow of oil is extremely 
pertinent. Journal bearings are usually designed on the basis of 
supplying a quantity of oil which will allow from 30 to 35 F 
temperature rise as the oil passes through the bearing. A 
vacuum usually exists in the unloaded portion of high-speed 
bearings, i.e., there is insufficient oil supplied to fill the bearing 
completely. Under this condition, it can readily be seen that 
the quantity of oil will increase or decrease the are in which the 
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vacuum exists. A smaller quantity of oil will give vacuum over 
a greater arc. On this basis, we would expect that, as the quan- 
tity of oil increased, the bearing loss would increase due to the 
oil being sheared for a greater arc. 

There is, in general, a misconception as to the quantity of oil 
which flows through a bearing that operates at high speed. If 
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Fic. 19 Comparison oF LynNN Brarine Test WitTH THEORETICAL 
CALCULATIONS 
(P = 150 psi; Z = 13 centipoises.) 


TABLE 3 TEST DATA FOR FIG. 3 OF PAPER 


(Bearing 6 in. X 8 in.; vertical clearance 0.008 in.; horizontal clearance, 


0.015 in.; two 1/16-in. * l1-in. circumferential grooves in top half; feed at 
horizontal joint at upcoming side of journal) 
-—Bearing-oil temp, F— Flow, Load, Speed, 
In Out gpm pai rpm 
hi ta Pp N 
214.0 236.5 5.5 355 4800 
219.0 234.0 6.0 100 4800 
219.0 236.5 5.96 200 4830 
216.0 232.0 7.0 200 4800 
210.0 234.5 3.43 200 4800 
212.0 233.0 3.13 100 4800 
2ASAO 233.0 3.50 51 4800 
212.5 236.0 5.0 355 4800 
212.0 236.0 4.7 355 4820 
214.0 255.5 0.97 355 3600 
210.0 237.0 2.2 355 3600 
214.0 236.5 2.73 355 3600 
217.0 235.0 3.88 355 3600 
213.0 247.0 1.50 355 3600 
216.0 231.0 3.97 200 3600 
216.5 234.0 2.69 200 3600 
214.5 242.0 1.50 200 3600 
211.5 233.0 1.50 100 3600 
212.0 228.0 2.55 100 3600 
211.0 229.7 1.45 51 3600 
168.5 195.6 6.10 355 4800 
167.0 192.2 7.03 355 4800 
166.5 191.7 5.88 200 4800 
162.5 185.0 7.22 100 4800 
163.5 184.5 7.40 100 4840 
161.5 183.8 7.15 51 4800 
200.5 231.0 3.88 100 6000 
202.8 236.5 4.97 355 6000 
194.5 215.5 9.25 100 6000 
197.5 220.0 9.10 200 6000 
205.0 222.0 5.75 100 4800 
207.5 225.8 5.96 200 4800 
163.2 187.0 5.94 51 4800 
161.9 186.5 5.86 100 4800 
161.0 191.1 3.74 51 4800 
161.0 191.5 3.75 100 4800 
162.0 197.0 3.59 200 4800 
156.0 195.7 4.75 200 6000 
158.3 187.6 7.15 100 6000 
158.8 190.2 6.97 200 6000 
157.5 185.5 9.09 51 6000 
157.0 184.5 9.00 100 6000 
154.9 184.0 8.98 200 6000 
155.0 186.8 8.71 355 6000 
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TABLE 4 TEST DATA FOR FIG. 4 OF PAPER 


(Bearing 8 in. X 61/4 in.; vertical clearance 0.01 in.: horizontal clearance, 
0.02 in.; 1/se-in. X 11/s-in. diagonal groove in top half; feed at horizontal 
joint at upcoming side of journal) 


—Bearing-oil temp, F— Flow, Load, Speed, 
In Out gpm psi rpm 
ty te Q le 
213.0 235.0 Ci kt 130 4800 
221.5 239.0 11.90 130 4800 
218.0 236.5 9.18 60 4800 
213.0 234.0 7.02 60 4800 
212.5 235.0 11.78 500 4800 
212.5 235.0 11.70 500 4800 
213.0 235.0 11.95 500 4800 
213.5 239.0 9.46 500 4800 
213.0 238.5 9.50 500 4820 
216.7 241.5 9.36 500 4800 
223.0 250.0 9.38 500 4850 
214.5 229.5 6.93 130 3560 
215.0 229.5 6.95 130 3600 
222.2 239.5 4.88 130 3600 
211.0 234.0 2.75 60 3600 
213.5 229.5 4.90 60 3600 
214.0 228.0 7.06 60 3600 
168.5 202.0 9.27 500 4800 
169.0 198.5 11.63 500 4800 
167.0 205.0 7.34 500 4800 
167.0 193.5 12.62 276 4800 
166.0 197.5 9.20 276 4800 
162.0 191.0 9.52 130 4800 
208.0 218.0 15.20 60 3600 
219.0 230.5 15.90 276 3600 
180.2 195.2 9.90 60 3600 
201.0 215.0 10.10 130 3600 
210.2 225.0 10.20 276 3600 
210.5 223.5 7.15 60 3600 
212.5 228.0 6.94 130 3600 
219.0 237.5 6.82 276 3600 
206.0 226.0 9.98 60 4800 
205.5 226.5 10.20 130 4800 
208.0 Dali 9.89 276 4800 
163.6 190.5 10.20 60 4800 
162.0 189.5 10.20 130 4800 
163.8 193 .0 10.00 276 4800 
166.8 199.3 9.83 500 4800 
161.0 194.0 6.03 60 4800 
161.0 197.0 5.90 130 4800 
162.0 202.0 5.70 276 4800 
160.0 204.0 5.83 500 4800 
167.5 185.5 8.30 60 3600 
161.0 181.5 8.14 130 3600 
163.1 184.1 8.90 276 3600 
161.0 185.5 8.65 500 3600 
163.1 181.1 11.20 276 3600 
162.0 182.3 10.88 500 3600 
154.0 188.5 saaye 500 3600 
158.5 187.0 5.64 276 3600 
163.8 183.0 8.62 130 3600 
158.5 199.5 7.79 60 6000 
157.6 198.0 8.33 130 6000 
152.0 204.0 7.52 500 6000 
155.4 198.9 8.50 276 6000 
154.8 191.0 11.00 60 6000 
158.0 194.0 11.00 130 6000 
158.6 197.0 10.75 276 6000 
156.9 198.0 11.10 500 6000 
157.5 190.0 15.70 60 6000 
157.0 189.5 16.05 130 6000 
155.0 189.0 16.05 276 6000 
155.0 191.0 15.85 500 6000 
165.2 187.0 15.23 60 4800 
168.0 189.0 16.35 130 4800 
162.0 187.0 14.15 276 4800 
157.0 185.0 13.70 500 4800 


we assume that the film thickness at the point of maximum 
loading for a 6 X 6-in. bearing when running at 3600 rpm is 
3 mils, there will be 2.65 gpm passing between the journal and 
the liner in the loaded portion. This quantity of oil fed to the 
bearing will give a temperature rise of 21 F if the average vis- 
cosity of the oil is 13 centipoises. If the quantity of oil is reduced 
so as to allow for a 30-deg temperature rise, it can readily be seen 
that the amount of oil which will be fed to the lining will be such 
as to allow it to pass through the loaded portion of the bearing 
more than once before being discharged. In this respect, it is 
expected that the average between the inlet and outlet tem- 
perature will not be greatly different from the average film 
temperature. 

Mr, Tichvinsky questions the magnitude of the vacuum which 
occurs in the top half of the bearing. Measurements of 10 to 
20 in. Hg have been obtained on 8-in. and 10-in. bearings run- 
ning at 3600 rpm. 

Mr. Nagler asks: “At what point of length-to-diameter ratio 
does the self-aligning feature cease to become operative?’ There 


629 


is no specific answer that can be given to this question due to the 
fact that the self-aligning feature of the bearing is dependent upon 
the pinch fit between the lining and the bearing housing. We 
have had successful operation with the effective length of the 
bearing equal to 75 per cent of the diameter. 

Mr. Nagler’s question in regard to water cooling of bearings is 
one which undoubtedly raises points of controversy among 
engineers. In general, it is more difficult to babbitt a lining with 
water-cooling coils in it. There is greater likelihood of having 
the babbitt crack with cooling coils than without. A greater 
quantity of babbitt is required with cooling coils than without 
and, if cooling coils break, water usually gets into the lubricating 
system and may cause very serious results. 

Most designers of high-speed apparatus have gotten away from 
the use of cooling coils and are using a sufficient flow of oil through 
the bearings to limit the temperature rise. The oil is passed 
through an oil cooler in order to maintain a constant inlet tem- 
perature to the bearings. 

It is gratifying to note that the results of Allis-Chalmers tests 
conducted by Mr. Wilson have agreed with our results as closely 
as they have. Our data for a given bearing when plotted in the 
form illustrated in Fig. 17 are not properly represented by a 
single curve. Term f will vary 100 per cent for constant values of 
(Z,N)/(1000 +/Z,). A visual inspection of Fig. 17 shows a 
variation of 30 per cent between the various test points. This 
undoubtedly is not due to the running of tests but rather due to 
the method of presentation. 

In accordance with Mr. Kerster’s request, we are presenting a 
portion of the test data for the points plotted in Figs. 3, 4, and 
5 of the paper in Tables 3, 4, and 5, respectively. 

TABLE 5 TEST DATA FOR FIG. 5 OF PAPER 
(Bearing 3 in. X 3 in.; vertical clearance 0.006 in.; horizontal clearance, 


0.009 in.; */se-in. X 13/4-in. circumferential groove over the top half; feed 
is on the horizontal joint on upcoming side of shaft) 


—Bearing-oil temp, F— Flow, Load, Speed, 
In Out gpm psi rpm 
t te Q P N 

161.0 176.0 3.10 56.9 7900 
165.0 179.0 3.20 90.1 8050 
169.0 183.0 3.20 220.0 8050 
152.5 171.0 2.92 349.0 8000 
159.0 178.5 2.85 521.0 7900 
151.1 180.5 1.65 521.0 7900 
171.5 195.0 1.75 349.0 8150 
165.5 186.5 1.75 220.0 7900 
163.5 184.0 1.75 90.1 8000 
161.5 183.0 1.68 56.9 8000 
160.5 184.0 4.07 220.0 12000 
164.0 188.0 4.15 349.0 12000 
156.0 184.0 4.00 521.0 12100 
160.0 194.0 2.75 521.0 12200 
162.5 196.0 2.35 349.0 12000 
156.5 191.0 2.15 220.0 12000 
154.5 189.0 2.15 90.1 12000 
155.0 191.0 2.07 56.9 12100 
155.0 181.0 3.70 56.9 12000 
158.5 182.5 3.68 90.1 11900 
159.5 166.0 1.75 56.9 3840 
157.0 170.0 0.56 90.1 3820 
173.5 191.0 0.61 349.0 4080 
145.0 174.5 0.52 521.0 4150 
F 166.0 182.5 1.04 521.0 4190 
162.5 177.0 1.00 349.0 4140 
171.5 182.0 1.10 220.0 4100 
169.0 178.0 1.06 90.1 4160 
166.0 174.0 1.05 56.9 3970 


(Bearing 3 in. X 3 in.; vertical clearance 0.006 in.; horizontal clearance, 
0.009 in.; no groove in top half; oil feed to both sides at horizontal joint) 


152.0 197.5 0.60 56.9 8000 
154.0 201.0 0.60 84.5 8000 
158.0 205.0 0.72 220.0 8100 
163.5 208.0 0.90 349.0 8000 
168.5 209.0 1.07 521.0 8100 


(Bearing 3 in. X 3 in.; vertical clearance 0.006 in.; horizontal clearance 
0.015 in.; %/s-in. X 13/s-in. circumferential groove over the top half; feed 
is on the horizontal joint on upcoming side of shaft) 


168.5 181.0 3.40 220.0 7900 
176.0 189.5 3.65 349.0 3190 
170.0 185.0 3.50 521.0 8000 
157.0 172.5 3.35 56.7 9000 
156.5 172.0 3.30 90.1 8600 
148.0 168.5 1.90 56.7 8340 
158.5 177.5 2.15 220.0 3450 
158.0 178.0 1.95 349.0 7760 
165.0 187.0 2.00 521.0 8130 
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Flow Properties of Lubricants 


Under High Pressure 


By A. E. NORTON,! M. J. KNOTT,? anv J. R. MUENGER® 


In this paper, results are given of a preliminary study of 


| the rate-of-shear versus shear-stress relationship for sev- 


eral oils known to undergo apparent solidification when 
subjected to high pressure. Lard, rapeseed, sperm, and 
one mineral oil were tested under a temperaturerange of —5 
C to 20 C while subjected to pressures up to 50,000 psi. 
Experimental curves of flow versus pressure difference were 
obtained for capillary flow, and these curves were trans- 
formed mathematically to the desired curves of rate of 
shear versus shear stress. A brief discussion of some of 
the problems inherent in capillary testing of plastic ma- 
terials is included in this report. 


FOREWORD BY M. D. HERSEY* 


HE following contribution is one of a series of investi- 
Vee on the properties of lubricants under high pressure, 

conducted by the Special Research Committee on Lubrica- 
tion of the Society. These studies were begun at Harvard Uni- 
versity in 1915, and reported in various publications dating from 
1916. They were more completely outlined in a paper by Henry 
Shore and the writer at the Annual Meeting of the Society in 
1927 (1),5 and in a joint paper with R. F. Hopkins (2). 

A phenomenon cautiously termed “apparent solidification,” 
produced by increasing the pressure on a lubricating oil at con- 
stant temperature, was briefly described in the first of these two 
papers. Future experiments were recommended in order to de- 
termine the flow or shear characteristics of the lubricant—in a 
word, its consistency—while in that condition. Is it a hard solid 
like that formed by the freezing of water into ice, or a soft jelly 
more like an oil at its pour point? And how does its consistency 
vary when the pressure is increased well beyond the critical value 
for solidification? 

This phenomenon was confirmed by Robert Kleinschmidt at 
Harvard (3) and by Yoshio Suge in Tokyo (4). Shore found an 
empirical relation connecting solidifying pressures with tempera- 
tures (5), while Cragoe discussed the question theoretically in 
the light of Clapeyron’s equation (6). It remained for Professor 
Norton, assisted at the start by Knott and later by Muenger, to 
carry through the first quantitative measurements. 

It appears that castor oil and naphthene-base mineral oils 
have not been solidified by pressure, and that the only lubricating 
oils for which pressure solidification has been reported are lard, 


1 Late Gordon McKay Professor of Applied Mechanics, Harvard 
University, Cambridge, Mass. Mem. A.S.M.E. Deceased, February 
24, 1940. 

2 Brown & Sharpe Manufacturing Company, Providence, R. I. 
Jun. A.S.M.E. 

3 Assistant in Mechanical Engineering, Harvard University, Cam- 
bridge, Mass. 

4 Research Director, Morgan Construction Company, 
Mass. Fellow A.S.M.E. ‘ 

5’ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Special Research Committee on Lubrication 
and presented at the Annual Meeting, New York, N. Y., December 
2-6, 1940, of THe AMERICAN Socrmry or MrcuanicaL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 
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horse, rapeseed, whale (including sperm), mineral oils contain- 
ing sufficient paraffin wax, and compounded oils. We may add to 
this list crude petroleum, oleic acid, and any pure substance whose 
freezing points have been determined under pressure. 

The experiments to be described constitute a preliminary phase 
of the project. They are reported at this time to provide a record 
of the work accomplished under Professor Norton’s supervision. 
The report was compiled by Mr. Muenger in consultation with 
Mr. Knott and others concerned. Through the courtesy of Dean 
Westergaard and Professor Den Hartog of the Graduate School 
of Engineering, Harvard University, arrangements have been 
made for the continuation of the research for a limited period. 

The principal difficulties outstanding are due to the relatively 
large pressure differences thus far employed in the observations 
of capillary flow, and to the further fact that the lubricant under 
test is neither unworked nor completely worked but is in some 
intermediate, undefined, partially worked condition. In spite of 
these uncertainties, the progress report at hand reveals the order 
of magnitude of the effects in question, thus providing a first 
approximation to the data required. These results are given in 
absolute units, with rate of shear plotted against shearing stress, 
in the last four diagrams of this paper. 

Professor Norton believed that such investigations are of edu- 
cational as well as scientific and industrial value. This will be 
evident from the closing paragraph in his discussion of a recent 
paper on “Teaching Lubrication” (7): 

“‘Any graduate course should aim not only to prepare engineers 
for advancing the science and art of lubrication but also to 
give these men a unified knowledge of materials. If properly 
taught, the subject of lubrication can be allied with the study 
of elasticity and plasticity, especially with the latter, since 
the rate of shear is an important feature of both liquids and 
plastic materials.” 


INTRODUCTION 


What is perhaps the most important characteristic of a lubri- 
cating material can be defined by the relationship between the 
shear stress S, applied to the material and the resulting rate 
of shear R. For example, a Newtonian liquid is a material whose 
shear behavior can be represented by a straight line passing 
through the origin. Its viscosity S/R and fluidity R/S are con- 
stant at all values of shear stress for any given pressure and 
temperature. Most lubricating oils at ordinary pressures and 
temperatures have this type of graph. 

Other materials which may be represented by a nonlinear 
curve, passing through the origin, are known as non-Newtonian 
liquids. Rubber suspensions fall into this class. Yet other ma- 
terials whose graphs have intercepts on the axis of shear stress 
are known as plastic solids. They require an initial value of shear 
stress known as the “yield” shear stress So to start the flow. If 
the plastic solid has a straight-line relationship, it is known as a 
Bingham solid and can be represented by two parameters, its 
yield shear stress Sp and “mobility” R/(S — So), which is analo- 
gous to the fluidity of liquids. 

Typical curves for these various types of materials are indi- 
cated in Fig. 1. There are other definitions of ideal materials and, 
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generally speaking, the more parameters in the definition, the 
more general the definition is. 

The influence of pressure on viscosity is well known and has 
been the subject of previous investigations. These investigations, 
however, were concerned mainly with oils as Newtonian liquids, 
and properties beyond the point of apparent solidification were 
not investigated. Other researches studied greases which, of 
course, are initially plastic solids. Thus there is a gap in our 
knowledge of lubricating materials which may hinder a better 
understanding of lubrication in cases where high local pressures 
materially alter the nature of the lubricant. The action of an oil 
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film in gear teeth and the effect of surface irregularities upon thin 
oil films are two cases which at present are not well understood. 

The purpose of this project was to investigate the properties 
of certain lubricants at or near the condition of apparent solidifi- 
cation, due to physical conditions. An attempt has been made to 
determine the characteristics of these lubricating oils which are 
normally liquid but which may become stiffer due to high pressure 
or low temperature singly or in combination. These characteris- 
tics of the oils may be indicated by curves similar to those of Fig. 
1, by tabulation of yield shear stress and mobility in the case of a 
Bingham solid, or by a mathematical statement of the relation- 
ship of rate of shear to shear stress. 


Data on O1ts at ATMOSPHERIC PRESSURE 


For the preliminary studies covered by the present report, 
four oils were chosen that were known from previous investiga- 
tions to be subject to apparent solidification under high pres- 
sure, namely, lard, rapeseed, sperm, and Veedol medium 
(SAE 30). Specific gravities and viscosities are given in Table 1. 


TABLE 1 PROPERTIES OF TEST OILS AT ATMOSPHERIC 
PRESSURE 
—Viscosity in— 
Specific gravity, ———S.U.V.— centipoises 

Oil 60/60 F 100 F 210 F 100 F 210 F 

Lard 0.920 207 54 40.8 7.5 
Rapeseed 0.912 230 61 45.3 9.0 
Sperm 0.886 108 48 19.2 5.8 
Veedol medium 0.885 519 67 100 10.2 


Viscosity in pound-seconds per square inch (reyns) may be 
found from the viscosity in centipoises upon dividing by 6.9 X 
108. 

The lard oil is Swift’s No. 2, the rapeseed and sperm oils were 
purchased from the Mardin Wild Corporation, Somerville, Mass., 
in 1938, while the Veedol medium was purchased in the usual 
sealed can in 1939. 

Two of these oils, rapeseed and lard, were tested at atmos- 
pheric pressure using a Bulkley and Bitner consistometer loaned 
by the National Bureau of Standards. These tests were conducted 
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in order to learn whether such oils are noticeably thixotropic and 
to measure their viscosity, or other consistency constants at low 
temperatures in a thoroughly worked condition. 

The consistometer is well described in a paper by Bulkley and 
Bitner (8), and it is sufficient to say here that it is an instrument 
which measures the rate of flow through a capillary produced 
by a small pressure difference. The material tested may be 
either liquid or plastic, and provision is made for working the 
material previous to the test. The apparatus is well adapted for 
repeating tests quickly, since the only observation necessary 
for the test is the timing of a standard travel of a mercury column 
which indicates the displacement of the material tested. The 
pressure difference and bath temperature are kept constant dur- 
ing repetitions, and the material tested remains in the apparatus. 
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Tests were made on rapeseed oil at 5 C and at 0.1 C and upon 
lard oilat 15C and 10 GC. An average of eight passages through 
the capillary were timed for each plotted point. This was done 
in view of the impossibility of obtaining close agreement on in- 
dividual runs at the lowest rates of shear. The data of these 


TABLE 2 DIMENSIONS OF TEST CAPILLARIES 


Data Internal 

Temp, plotted Length, diam, 

Apparatus Test material Cc in Fig. cm cm 

Bulkley and Bitner Lard oil 15 2 7.54 0.163 

consistometer 10 2 7.54 0.163 

(atmospheric Rapeseed oil 5 3 7.54 0.163 

pressure) 1 3 7.54 0.163 
Long test Rapeseed oil 0 5 144.5 0.0456 
capillary Rapeseed oil = 6 144.5 0.0456 
(high pres- Sperm oil 0.2 7 144.5 0.0456 
sure) Sperm oil sagt 3) 8 144.5 0.0456 
Two capillaries Sperm oil 0 10 16.1 0.0456 
in series Sperm oil 20 11 88.3 0.0456 
(high pres- Lard oil 20 12 25.0 0.0456 
sure) Veedol medium 20 13 78.5 0 0456 
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tests are plotted in Figs. 2 and 3. The dimensions of the test 
capillaries which were used in this project are given in Table 2. 
In the case of lard oil, it was found that when the tempera- 
ture was low enough to cause apparent solidification, the time 
necessary for a certain amount of flow decreased with successive 
passages up to a certain point. That is, the lard oil was un- 
questionably thixotropic. 
; From Figs. 2 and 3 it appears that both rapeseed and lard oil 
-} are slightly non-Newtonian, but not plastic at the temperatures 
for which the curves are drawn. Knowing the dimensions of the 
capillary (length 7.54 cm, radius 0.0815 cm), it is possible to com- 
pute the viscosities at low rates of shear. Corresponding to 
pressure differences not exceeding 1 psi, the viscosities are for 
lard oil at 15 C, 120 centipoises, and at 10 C, 210 centipoises; 
for rapeseed oil 240 centipoises at 5 C, and 360 centipoises at 
Os: 


Hicu-PressurE Tests WITH A SINGLE CAPILLARY 
In proceeding to work at high pressure, apparatus formerly 
used by Hersey and Snyder (9) was employed. This apparatus 
BOURDON PRESSURE GAGE 


LONG TEST CAPILLARY lg 
PUMP 


INTENSIFIER 


RESERVOIR 


Fig. 4 DragraM or APPARATUS FOR LonG-CaPILLARY TESTS 


forces oil through a long capillary. The pressure is high at the 
inlet, dropping gradually to atmospheric pressure at the outlet. 
A diagram of the apparatus is shown in Fig. 4. The procedure is 
to time the flow of a sample of oil while the inlet pressure is held 
steady by the pump. The sample is then weighed and the re- 
sults reduced to curves of rate of flow versus inlet pressure. A 
series of tests has been run on castor oil with pressures up to 
50,000 psi and with temperatures ranging from —10 C to 20 C. 
These tests check the previous findings that castor oil does not 
solidify within this range and indicate that the apparatus is 
capable of reproducing tests to a fair degree of accuracy. 

The next tests were conducted upon sperm oil and rapeseed 
oil at temperatures in the neighborhood of 0 C. Results of these 
tests are shown in Figs. 5, 6, 7, and 8. These tests showed defi- 
nite solidification and revealed that the time of application of 
pressure had a marked effect upon the consistency. 

In this work with the long test capillary, the pressure was 
held for a given period of time before beginning a run. In- 
mediately after a run, the pressure was stepped up 2500 psi and 
the procedure repeated. In the case of rapeseed oil, it was found 
that flow slowed down at 25,000 psi and stopped at 35,000 psi 
when a 10-min period was used. However, when the pressure 
was held constant for longer periods, the stoppage of flow, indi- 
cating solidification, occurred at lower pressure, e.g., when the 
pressure was held for a period of 2 hr, stoppage of flow occurred 
at 20,000 psi. This time effect is clearly shown in Fig. 5 where 
curve 1 represents a 2-hr application of pressure for each point; 
curve 2 a 30-min application; curve 3 a 10-min application; 
curve 4 a 10-min application, with the series of runs starting at 
20,000 psi; and curve 5 a 10-min application, with the series of 
runs starting at 25,000 psi. 

From the data of Fig. 5, it would seem that the oils are ex- 
tremely sensitive to time of application of pressure only when 
they are beginning to solidify. For pressures up to 15,000 psi, 
the points fell on a smooth curve regardless of length of time the 
pressure was imposed. The solidification of rapeseed oil due to 
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pressure was confirmed by opening the reservoir after there had 
been no flow at high pressures. The oil was removed in the form 
of a hard white cylinder, looking very much like a candle. That 
this was clearly a pressure effect was evident, for rapeseed oil 
at 0 C and atmospheric pressure is liquid. 

Little has been said about the tests using the long capillary 
other than to point out time effects. Analysis of the curves from 
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this work is difficult due to the great variation of consistency 
along the length of the capillary, and a painstaking study of 
these curves probably is not justifiable in view of the meager data. 


Hicu-Pressure Tests Wir Two CapPiLLARIES IN SERIES 


The large drop in pressure along the single test capillary was 
disadvantageous due to the difficulty of handling the results 
mathematically. The consistency of the material in the capillary 
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ranged from a plastic solid at the high-pressure end to liquid at 
the low-pressure end. The first attempt at overcoming this 
difficulty was to use a needle valve as a pressure reducer at the 
outlet of the capillary. It was impossible to obtain a steady flow 
with this device, and the arrangement shown in Fig. 9 was 
adopted. This consisted of a short test capillary with two Bour- 
don gages to measure terminal pressures p; and py» and a long 
capillary in series with it to offer resistance to flow. The purpose 
of this was to render the pressure difference in the test capillary, 
pi — ps, small enough so that the oil could be assumed at a con- 
stant pressure throughout the test capillary. By using different 
lengths of resistance capillary, various rates of flow were ob- 
tained. Curves were drawn showing rates of flow versus pressure 
difference for constant average pressures (p:1 + p2)/2. The 
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pressure was maintained for 10 min before taking a run, and it 
was kept off for 10 min before proceeding to a different pressure. 
In this way it was hoped to eliminate time of application of pres- 
sure as a variable affecting the curves. Sperm oil at 0 C, sperm 
oil at 20 C, lard oil at 20 C, and Veedol medium at 20 C were 
tested; the results are shown in Figs. 10, 11, 12, and 13. Hach 
figure has several flow curves, each corresponding to a constant 
average pressure which is indicated in pounds per square inch 
along the curve. 


INTERPRETATION OF FLOW-PRESSURE CURVES 


Various schemes were tried for the interpretation of these 
curves. From tbe curves for sperm oil at 0 C, values of yield 
shear stress and mobility were found by the use of Bucking- 
ham’s equation (10) based on Bingham’s law and are shown in 
Figs. 14 and 15. The procedure was to draw a tangent to each 
curve at its lower left portion and find its intercept P’ on the 
axis of pressure differences. This procedure assumes that such 
a tangent will be the nearest approximation to the asymptote of 
Buckingham’s cubic equation and that Bingham’s law is most 
nearly realized at the lower rates of shear. Observations at higher 
rates of shear were disregarded in this analysis. Then, according 
to Buckingham’s equation, the initial pressure difference Po, 
causing the flow to start, is equal to (3/4)P’. By statics, the yield 
shear stress Sp is equal to (r/2L)Po, where r and L are the radius 
and length, respectively, of the capillary. The mobility was 
computed by the formula (8L/zr‘) tan y, where tan ¥ is the slope 
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of each curve taken at the lower left portion, where the tangent 
line has been drawn. This method of expressing the characteris- 
tics of the oil was not very satisfactory since the curves appar- 
ently do not follow Bingham’s law at the higher rates of flow. 
The plots of yield shear stress and mobility, then, may be thought 
of as a first approximation in representing the characteristics 
of sperm oil at 0 C, useful in showing the general effect of pres- 
Furthermore, the mobility curve should be used only in a 
+ restricted range of rate of shear as indicated on the plot. 

Two principal methods have been proposed for the interpreta- 
_ tion of flow-pressure curves, and these have been discussed (11) 
by Hersey. The methods are termed the integration method and 
the differentiation method. The use of Buckingham’s equation 


r4 
So} | +4 
al 
a 

20 — 
a] 
a 
ail ali ia 
Ea 
2 1.0/7 —J i 
yn 
2s 1 
G 
= lb J | IL 

5 


(e) - 
fe} 10 59) 20) 25 30° 35 
AVERAGE PRESSURE (1000 LB/IN*) 


Fic. 14 VARIATION OF YIELD SHEAR STRESS WITH PRESSURE FOR 
Sperm Orn at 0 C 


Seer 


0 5 JOme 155 i 2OnaeZo 
AVERAGE PRESSURE 


30 35 
(1000 LB/IN?) 


Fig. 15 Vartation or Mosiuiry With PrRessuRE FOR SPHRM OIL 
av0C ror Rates or Suvar Betow 5000 Reciprocan Suc 


to evaluate the constants of the material was an example of the 
integration method. 
The integration method consists of assuming a particular law 
governing the behavior of the material in shear and then inte- 
grating twice to find the equation of flow. As a second example, 
if it is assumed that the velocity gradient is proportional to the 
shear stress raised to the power 7, one finds that the flow is pro- 
portional to the pressure difference raised to the same power. 
If the derived equation for flow can be made to fit the observed 
flow curve, the constants in the fundamental law can be evalu- 
ated. This type of approach did not lead to any conclusive 
results. It may be of interest to note that the curves for sperm 
oil at 0 C could be fitted fairly well by power curves of increasing 
order as the average pressure increased. For example, the curve 
of average pressure = 9500 psi could be fitted by a straight 
line, average pressure = 18,000 psi by a second-degree curve, 
and average pressure = 29,000 psi by a cubic curve, to a fair de- 
gree of approximation. 

The procedure finally used for interpreting the results given 
by Figs. 10 to 13 was the differentiation method in the form of 
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the Weissenberg-Rabinowitsch transformation. This method 
was described by Rabinowitsch (12); a proof of it also appears in 
a paper by Mooney (13). It has been used by Blott and Samuel 
(14) and doubtless by others. The method merely assumes the 
existence of a functional relationship between rate of shear and 
shear stress. The final form of the transformation is 


R = — (SQ’ + 30) 
Tr 


where RF is the rate of shear, r is the capillary radius, S the shear 
stress at the wall, Q’ is the first derivative of the rate of flow in 
respect to the shear stress, and Q is the rate of flow. The experi- 
mental plots can be converted into curves of rate of flow versus 
shear stress, and Q’ can be found graphically. Curves for rate 
of shear against shear stress obtained by this method are shown 
in Figs. 16, 17, 18, and 19. 


DIFFICULTIES OF THE PROBLEM 


Certain questions have arisen in the course of the work and 
might well be discussed at this point. A very important one is 
just what significance should be attached to pressure when one is 
dealing with a plastic material in flow. Treating the flow-pro- 
ducing forces as pure hydrostatic pressures is open to criticism, 
and yet an attempt to deal with other forces in the material 
itself is difficult, both experimentally and analytically. In short, 
there is the problem of dealing with a combination of forces of a 
hydrostatic nature and of a strain nature. The present research 
has sidestepped this problem by dealing with materials which 
are relatively soft under test conditions and then assuming that 
the forces are predominantly hydrostatic. 

Another difficulty lies in the technique of measuring a differ- 
ence in pressure across the test capillary. With the Bourdon 
gages used in this work, the difference in pressure had to be a high 
percentage of the absolute pressure. This was due to the loss in 
accuracy when subtracting p: from p:. An attempt was made to 
calibrate the gages and apply corrections to the readings, but 
this left much to be desired, for it was found that the gages did 
not repeat very accurately. The main source of error in the gages 
is due to the link mechanism which multiplies the exceedingly 
short tip travel. Considerations of piston type or manganin- 
coil gages have not led to much encouragement. Piston gages 
are subject to leakage and friction; these would be important 
considerations when one tries to measure a small difference in 
pressure at a high absolute pressure. Furthermore, construction 
difficulties are severe. Manganin coils would need electrical 
readings to six significant figures to obtain the desired accuracy 
on the difference. The difficulty arises in the fact that with either 
of these systems one is actually measuring two pressures and sub- 
tracting, whether that is done mechanically or arithmetically. 
The most hopeful scheme is a differential-bellows gage, proposed 
by P. G. Exline of the Gulf Research and Development 
Company. The use of optical levers on Bourdon tubes, perhaps, 
offers some possibility of improving their accuracy so that smaller 
differences in pressure may be used. 

There are several reasons for desiring to reduce the difference 
in pressure. One is that the mathematical analysis of the flow 
curves requires the assumption that the material does not vary 
in properties along the length of the capillary. This is obviously 
far from true if a large pressure drop exists. : 

Another disadvantage is that a large pressure difference means 
that a great deal of work has been put into the material. This 
work must take the form of heat as the oil shears. Although the 
capillary is in a bath, it is questionable whether a large amount of 
heat can be dissipated without a substantial temperature gradi- 
ent. Further experimental work would be desirable to check the 
temperature inside the capillary. 
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Time lag in the effect of pressure on the test material is a 
problem which has been given scant attention in the two-capillary 
work, other than to eliminate it as a variable by standardizing 
the time of application of pressure. The shear-stress versus rate- 
of-shear relationship is dependent upon the time of application of 
pressure as has been shown, and further work upon this subject 
might be desirable. 

A thixotropic material is one which changes consistency upon 
being deformed or worked. The material may regain its original 
consistency after a lapse of time. This subject has been studied 
by Reynolds, Freundlich (15), McMillen (16), and others. There 
is reason to suppose that thixotropy exists in solidified oils as well 
as in greases. One method of investigation of thixotropy in work 
of this type would be to use test capillaries of different dimensions 
for a given oil and temperature. If no discrepancy appeared in 
the rate-of-shear versus shear-stress curves derived from such 
tests, it would be an indication of freedom from thixotropic be- 
havior. With sufficient data it might be possible to formu- 
late consistency as a function of amount of shear as well as rate of 
shear. It should be kept in mind that, while there is no provision 
for working the test samples in this high-pressure apparatus, the 
tests cannot be regarded as representing unworked oils. There is 
an undetermined amount of working in the end effects of the test 
capillary plus the working occurring inside the capillary. 

Provision for working the test material thoroughly could be 
provided most easily in a rotation type of consistometer. This 
type of instrument has the added advantage of having the test 
material under a uniform pressure. It is to be hoped that future 
work on oils under pressures causing apparent solidification will 
be done on a rotation consistometer. In the meantime, capillary 
tests will provide a useful preliminary survey. 


CONCLUSIONS 


The problem under investigation is a difficult one, and it has 
by no means been solved. The difficulties of the work have just 
been mentioned, and the results must be considered as first ap- 
proximations. However, interesting results were obtained on the 
increased effect of pressure due to time of application in regard 
to solidification of rapeseed and sperm oils, as can be seen by 
Figs. 5, 6, 7, and 8. The shear characteristics of sperm, lard, and 
Veedol medium oils at 20 C, as affected by pressure, have been 
shown by curves of rate of shear versus shear stress in Figs. 17, 
18, and 19. The behavior of sperm oil at 0 C has been described 
by curves of rate of shear versus shear stress and by plots of yield 
shear stress and mobility against average pressure, Figs. 14, 15, 
and 16. Non-Newtonian behavior of rapeseed and lard oil at 
low temperatures has been indicated in Figs. 2 and 3. 

To summarize, the consistency of an oil near apparent solidifi- 
cation is dependent upon time of application of pressure as well 
as upon the amount of pressure and the temperature. The con- 
sistency is very likely dependent upon the amount of shear as 
well, 
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Discussion 


L. J. Braprorp.® Advances in science are made in three 
stages: (a) New phenomena are observed, (b) these phenomena 
are studied to discover and interpret their meaning, and (c) the 
phenomena are usefully applied. The late Prof. Norton and his 
associates have, in the work described in this paper, accom- 

) plished the first of these. The interpretation and application of 
these data will follow. In the development of these phases, all 
those interested in the work should participate. 

Examination of Figs. 16 to 19, inclusive, indicates that in all 
cases the curve of rate of shear plotted against shearing stress is 
substantially a straight line passing through the origin for a 
pressure of 10,000 psi. It may be concluded that this is also true 
for all lower pressures. At 14,000 psi this condition ceases. The 
rate of shear rises more rapidly than does the shearing stress, and 
the curve is concave. Extrapolation of the curves for this and 
greater pressures yields an intercept on the shear-stress axis. 
They are clearly the curves of plastic substances. 

Curves for 18,000 psi in Fig. 16, and for 18,000, 23,000, and 
27,000 psi in Fig. 17, show another peculiarity. It will be seen 
that each is composed of two substantially straight lines joined 
by acurve. It is quite possible that the other curves would show 


the same characteristic had they covered wider ranges of shear 


stress. This suggests that the oils investigated pass from New- 
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tonian liquids to plastic solids at some pressure between 10,000 
and 14,000 psi. 

These plastics are of the Bingham type and have a dual con- 
sistency, depending upon the rate of shear to which they are 
subjected, the two types being connected by a transition region, 
lying roughly between rates of shear of 10,000 to 15,000 reciprocal 
sec. 

Another fact of considerable interest and importance which has 
been noted is the relationship of time to the transformation of the 
oils from Newtonian liquids to Bingham solids. This is of im- 
portance because any attempt to make use in bearing design of the 
elevation of viscosity caused by pressure must be limited to the 
change possible while the oil is in the load-carrying region. This 
is usually only a fraction of a second. Quite possibly the pressure 
effects will not appear at all. 

The work described by the authors is obviously incomplete 
and should certainly be continued. The range of the investiga- 
tion into the rate of shear versus shear stress should be consider- 
ably extended. The effect of time and work should be thoroughly 
investigated, and it might be found worth while to look into the 
effect caused by repeated and rapid application of pressure. 

The Special Research Committee can perform a valuable 
service to the science of lubrication by using its influence to 
further the investigation of the phenomena described by the 
authors. 


R.B. Dow.’ The authors are to be congratulated as the first to 
offer quantitative data on flow properties under high-pressure 
differences in the congealed state. It has been recognized for some 
time in lubrication practice that “‘pumpability” at low tempera- 
ture is a property not described adequately in terms of viscosity 
of the lubricant alone. This paper indicates a start in the right 
direction and it is to be hoped that further work will eliminate 
some of the errors and difficulties which were experienced by the 
authors. 

It is to be pointed out, however, that these experiments give no 
information about solidification in the thermodynamic sense, 
and the nature of freezing as understood in the sense of Clapeyron’s 
equation must still remain an open question. It would be de- 
sirable to determine freezing of a lubricant by compression by the 
free-piston method, a method which enables the volume changes 
to be followed. The writer has plans projected for an experiment 
of this kind. It is hoped that the sharpness and extent of freezing 
of a variety of lubricating oils can be studied and the results cor- 
related with their various chemical and physical characteristics. 

Regarding the data of the present paper, it would appear that 
few generalizations can be made since the results show clearly 
that the history of the pressure treatment is a vital factor, which, 
from the nature of the conditions, is to be expected, for example, 
Figs. 7 and 10. The data of Fig. 5 show that a 2-hr application 
gives uniform results and reproducibility; evidently equilibrium 
conditions are being approached in this case. However, it is to 
be noted that the procedure followed does not distinguish be- 
tween the effect of magnitude of pressure and the effect of time of 
application of pressure. A pressure of 500 psi, let us say, applied 
for 10 min, on a sample initially at atmospheric pressure at 0C 
would produce quite a different effect from that produced by the 
same pressure added to an already existing, pressure which may 
have produced partial solidification. If successive increments of 
pressure are increased according to the methods of the authors, 
for the same time intervals, it is clear that the state of solidifica- 
tion will be more complete at the higher pressures and this in 
turn will affect the flow characteristics. It is suggested that sud- 
den pressure relaxations (10 min) during a test be avoided, and 
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that it might help if the state of the substance were brought back 
to initial conditions before applying a new pressure. Since fairly 
large flow rates have been used in some cases, it would seem as if 
the present procedure brings in objectionable inertia effects due 
to variable accelerations of undetermined masses of liquid and 
partly solidified matter. 


P. G. Exrine.’ The high pressures existing between lubricated 
metal surfaces in many industrial applications fully warrant an 
investigation of the nature of this paper. The pioneer work re- 
ported by the authors must eventually be supplemented by addi- 
tional work on many materials under a wide variety of conditions 
before its maximum usefulness can be realized, but the ground- 
work has been well done. 

The difficulties of measuring the pressures accurately and of 
maintaining steady pressures for a long enough period to secure a 
good measurement of the flow will undoubtedly be overcome by 
improvements in apparatus. The analytical difficulties inherent 
in the capillary method may not be so easily solved. Have the 
authors considered the use of low temperatures to determine if the 
behavior obtained at low temperature and atmospheric pressure is 
the same as at high pressures and higher temperatures? 

Figs. 5 and 6 show a complete cessation of flow for rapeseed oil 
at high pressures. Was any attempt made to determine how long 
the valve at the end of the capillary would have to be left open 
before the oil at that end would return to the liquid state and 
start flowing out? 


M. D. Hursry.? Some idea of the heat effects possible may be 
obtained from the mean temperature rise calculated? for radial 
conduction under the limiting condition of thermal equilibrium 


where G denotes the gradient (p1 — p2)/L while pu is the viscosity 
of the oil, assumed uniform, and k its thermal conductivity, r and 
L being the radius and length of the capillary. 

For the mineral oil of Fig. 19 of the paper, the viscosity at 
20,000 psi and 20 C under a shear stress of 2.5 psi is equal to 
2.5/5000 or 5(10)~4 Ib sec per sq in. The conductivity" at this 
temperature, disregarding any slight increase due to pressure, is 
about 0.029 Ib per sec deg C. Substituting these values, together 
with the capillary dimensions from Table 2 of the paper, gives for 
a mean pressure difference of 16,000 psi (Fig. 18) T,, = 1.6 C. 

Would it be possible to summarize the experimental results 
obtained for the committee during the summer of 1940, including 
check observations with a smaller-diameter capillary? 


R. V. Kuzmwscumipt.!2 It is unfortunate that the excellent 
work reported in this paper should be interrupted by the untimely 
death of Professor Norton. The importance of such research is 
perhaps most greatly appreciated by those of us who have had 
an opportunity to work in this field. 

Some 15 or 20 years ago, the work of Mr. Hersey and others 
indicated that the peculiar lubricating properties of oils were in 
some way related to their tendency to increase markedly in 
viscosity or even to solidify under pressure. At the same time, it 
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became obvious that if they do solidify, their lubricating proper- 
ties must be largely dependent upon the properties of the solids 
formed. Certainly, a material which solidified into hard angular 
crystals would be a poor lubricant, whereas, one which formed a 
more or less plastic solid might be better. Finally the solid 
might take the form of smooth plates like graphite or mica which 
would conceivably make an excellent lubricant. It is thus obvious 
that the properties of these pressure-solidified oils are of funda- 
mental importance. To determine such properties is the object of 
the present research. 

Without wishing in any way to detract from the value of the 
work performed to the present time, the writer would like to 
suggest a direction in which future effort should proceed. While 
it is natural that preliminary work should be done on commerical 
lubricants, it must be remembered that such materials are not 
only extremely complex mixtures but that they are continually 
varying in actual composition, as various petroleum pools are 
tapped. Therefore, it would seem to be essential that a funda- 
mental study should include work on some pure substances, and 
on relatively simple mixtures of substances normally found in 
lubricants. 

Furthermore, it is important to consider not merely “‘plasticity”’ 
as such, but the possibility of surface slippage and planes of slip 
within the body of the solidified lubricant. 

Finally, it is important that the experimental methods be 
simplified in so far as possible by determining at the outset any 
general relations between, for example, solidification due to 
pressure and ordinary freezing due to low temperature. It is, 
of course, by no means certain that any such relationship exists 
since, in a bearing, the pressure conditions in the oil are probably 
far from isotropic. The simplification of laboratory work which 
would result makes a search for such a relationship worth under- 
taking. 

The writer feels that the work reported in this paper should be 
continued and extended into a far-reaching basie study of lubri- 
cants and their behavior. While the Society cannot sponsor the 
study of any considerable number of commercial lubricants, it 
can and should develop the fundamental laws and the tech- 
niques required. These will then be quickly taken up by the com- 
mercial laboratories. In view of the enormous value of machinery 
which must be protected by lubricants and the vast amount of 
power which is wasted in friction, any slight improvement in 
lubrication would pay high dividends to industry on money in- 
vested in such research. 


C. M. Larson.'® Referring to the Veedol medium which is a 
Pennsylvania 100 V.I. SAE 30 motor oil such an oil would com- 
press 17 per cent of its volume under 100,000 psi, whereas, a Gulf 
Coast oil, zero V.I. SAE 30 would lose 15 per cent under the 
same pressure. Yet the 100 V.I. SAE 30 oil under 12,000 psi has 
not as high Saybolt Universal viscosity at 100 degrees F or 210 
degrees F as the zero V.I. SAE 30 oil under 6000-psi pressure. 
Thus, the 100 V.I. oil compresses more readily, yet its increase in 
viscosity under pressure is less than the zero V.I. oil. The 
heavier the oil based on atmospheric-pressure viscosities, the 
higher the rate of compressibility. 

When it is considered that the pressure per square inch of air- 
craft-engine bearings at take-off varies for different engines from 
2500 to 3500 psi, it is possible to have viscosity-pressure-effect 
increases from 6 to 12 per cent at the operating temperature but, 
when a plane is in a power dive and bearing pressures of 8000 psi 
are encountered, viscosity-pressure build-up of 25 per cent or 
higher is possible in the oil film. With hypoid-gear-tooth pres- 
sures of 100,000 Ib, the viscosity-pressure build-up can be easily 
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in the order of 10 times the original atmospheric viscosity at the 
temperature of operation. Many substances which are plastic 
and are considered lubricants at atmospheric pressures are 
abrasives, harder than steel. Roller bearings build up pressure of 
higher than 100,000 lb ahead of the rollers. 


Rosert Marreson.'! In the introduction to the paper, the 
authors attribute Newtonian behavior to “most lubricating oils at 
ordinary pressures and temperatures,’ implying that for these 
materials the viscosity is independent of shear rate. But Elwell® 
' has shown theoretically that all liquids should exhibit a decrease 
in viscosity with shear rate, and Kyropulous'* has proved experi- 
mentally that “natural oils,” including lubricating oils, begin to 
exhibit a measurable decrease in viscosity at shear gradients as 
low as 3000 s~1. The fact that viscosity of oils does decrease at 
such low shear rates undoubtedly introduces a complicating 
variable into the work of the present authors who report measure- 
ments well above 35,000 s~1 and are primarily engaged in study- 
_ ing the effect of pressure on viscosity. 

A question arises concerning the method used in calculating 
flow and shear rates. If compressibility of the oils is neglected, 
the flow rates will be high by approximately 5 per cent at 15,- 
000-psi and 10 per cent at 30,000-psi average pressure for lubricat- 
ing oils!7 and somewhat less for the fatty oils. Shear rates will 
also be affected to the same extent. Where large pressure drops 
occurred between inlet and discharge sections of the capillary 
tube, the effect of compressibility varies all along the tube and 
further complicates the problem. 

With regard to the difficulties encountered in measuring pres- 
sure differences, these could be overcome by using electrical 
pickups now available which involve no moving parts nor offer 
geometrical obstacles to alter the flow pattern in the tube, as is 
the case with the connections required for pressure gages of the 
Bourdon type. 

The wisdom of concentrating attention upon oils such as lard, 
rapeseed, and whale oil is open to question in view of the relative 
industrial importance as lubricants of these oils, as compared 
with the products obtained from petroleum. It is perhaps felt 
that, as explained in the paper, these fatty oils were known to 
undergo apparent solidification under pressure and, hence, 
offered the best working materials. This may be true but the 
Veedol medium also exhibited the property of solidification in 
the range of pressure studied by the authors. Futhermore, 
Suge’s data!® indicate that other petroleum oils will behave 
similarly at high pressure. It is for oils of this class that data 
are most needed. 

It is doubtful whether the results obtained with fatty oils can be 
used with confidence in predicting the behavior of petroleum 
fractions. One serious difference in the two types of oils is that 
the fatty oils, being polar in composition, exhibit orientation 
phenomena which are less pronounced in the case of the mineral 
oils. A second difference is in the degree to which the “free 
volume” between the molecules must be changed in going from 
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atmospheric pressure to 30,000 psi, where apparent solidification 
sets in with fatty oils, and the contraction in ‘‘free volume” of a 
petroleum fraction where the pressure may be of the order of 
40,000 or 50,000 psi. 

These remarks are not in the nature of negative criticism or 
refutation of the general conclusions reached by the authors. 
We realize that the experiments described are of a preliminary 
nature and it is our hope that the research may be continued 
with greater emphasis placed upon the investigation of the 
behavior of petroleum fractions under high pressure. 


M. Mooney.” This paper on the rheology of lubricants at 
high pressure represents a preliminary survey in an important 
and new field of investigation. The work has been well done and 
well presented. It is particularly encouraging to one interested 
in the science of rheology as such to see the differential method of 
analyzing capillary-flow data coming into use. This method is 
definitely more powerful than the older method of analysis by 
integration, as is demonstrated in the present paper. 

The data in Fig. 7, and also the data for 30-min application of 
pressure in Fig. 8, suggest that slippage of the solid material 
against the surface of the capillary may be taking place at the 
higher pressures. It is to be hoped that, when these investiga- 
tions are carried further, measurements of slippage will be in- 
cluded in the program. Such measurements could be obtained 
with the apparatus employing two capillaries, provided that two 
or more short capillaries of different radii are used. A method 
of analyzing such data for slippage has been described in a paper 
referred to by the authors. In view of Figs. 7 and 8, the functional 
relationship of rate of shear and shearing stress, as plotted in 
Figs. 16 to 19, will require verification. 

The authors appear to doubt the validity of the customary 
analysis of stresses in a capillary tube when the material is 
plastic in its behavior. On this point, it is possible to reassure 
the authors and state that, so long as the flow is lamellar and 
parallel to the axis of the capillary, the usual calculation of 
shearing stress from pressure gradient is valid. In detail, the 
situation is as follows: Let 7, 0, and z be a set of coordinates, and 
represent by a subscript a plane normal to the corresponding 
direction. The pressures normal to the coordinate lines are equal, 
or 


P, = Po = P, 


At any point, Pe is one of the principal stresses. The other two 
principal stresses lie in the 7, z plane through the point considered 
and are oriented at 45 deg with respect to the r or z axis. The 
maximum and minimum pressures differ from the mean pressure 


dP, 
by an amount equal to the shearing stress, which is as Thus 
r dP, 
Dee =| 
A 2 | dz | 
r |aP,| 
Pain = Pe a —* 
2| dz 


M. MusxatT?? anp F. Morean.?? The authors have already 
given considerable attention to possible criticisms of their paper. 
Furthermore they have carefully outlined the experimental and 
analytical difficulties which they have encountered. 

A particularly troublesome element in the experiments, pointed 
out by the authors, is that relating to the determination of the 
pressures in the system with such accuracy that flow experiments 
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could be carried out, with small differential pressures which are 
known, with reasonably high precision. The variation in the 
nature of the fluid along the length of the capillary, when it is 
subjected to a large pressure differential, undoubtedly, greatly 
complicates the interpretation of the results. However, it may 
be pointed out that, if a method should be found for determining 
the high pressures with good accuracy, such as the differential 
bellows gage proposed by Exline, much useful information may 
still be derived by repeating the original experiments under high 
pressure drops, provided the pressure distribution were measured 
along the length of the capillary. Then, the effect of the amount 
of working on the fluid, as well as the variation of the viscosity 
with the pressure, could be followed in a continuous manner by 
observing the sequence of pressure-drop increments along the 
length of the capillary. Such a procedure would be equivalent to 
series of measurements over short capillaries with different 
average absolute pressures. It would have the advantage over 
the latter, however, in that a close control over the previous state 
and history of the fluid would be automatically provided by the 
pressure drop in the segment of the capillary immediately preced- 
ing the particular segment being studied. 

The obvious difficulty of using a long capillary tube in high- 
precision experiments, which arises from the variability of and 
uncertainty in the magnitude of the cross section, can be readily 
avoided by calibration runs at low pressures with a liquid known 
to be Newtonian. The pressure distribution along the capillary 
in such experiments will give a direct measure of the local average 
tube radius. In fact, it will give at once the variation of the 
fourth power of this radius and thus avoid magnification of the 
errors when the capillary radius itself is raised to the fourth power. 
Moreover, if this idea is generalized, one is led to the proposal that 
the capillary be deliberately made of several sections of different 
radii, the effective values of which could then also be determined 
by calibration tests with a Newtonian liquid. In this way the 
effects of different capillary dimensions, as well as of various 
amounts of working, could be investigated in a single experiment. 

It is realized, of course, that these comments do not provide a 
solution to the basic problem of the accurate determinations of 
the pressures. Rather they relate only to the further develop- 
ment of the experimental program, once the difficulties of tech- 
nique have been satisfactorily solved. 


C. H. Scuiesman?! ann R. Burxiey.”! In general, we accept 
the performance of lubricants on bearing surfaces so casually, 
because of their exceedingly high percentage of satisfactory per- 
formance, that we are inclined to overlook the importance of 
lubrication to industry and our own lack of knowledge on the 
subject. 

It is pointed out in the paper that there are three types of 
lubricants, i.e., those which may be considered as Newtonian 
liquids, those which are non-Newtonian liquids, and those known 
as plastic solids. It is the purpose of this discussion to call atten- 
tion to an equally important type of lubricant, the classification 
of which, in the absence of experimental data, must remain un- 
known for the present. 

The behavior of lubricants which are Newtonian liquids appears 
to be well understood and the design of bearings operating in this 
region appears to rest upon adequate experimental foundations, 
thanks to the careful researches fostered by this Society and the 
work of some of our leading rheologists. 

In the field of lubricants of the plastic class, the subject is much 
more controversial and it is suspected that rule of thumb and 
practical experience are necessary in designing in this field. It 
does not appear to be good practice to operate loaded bearings for 
prolonged periods entirely within this region of lubrication. On 
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the other hand, bronze worm gears operating against steel worms 
in which the load passes from tooth to tooth can be operated 
successfully in this region of lubrication. 

The authors present experimental evidence to show that 
plastic phenomena occur with certain types of lubricants under 
high pressures. Recent work in the field of X-ray analysis indi- 
cates that, in addition to this plasticity, orientation of the mole- 
cules also occurs which, perhaps, in part accounts for the flow 
properties under high pressure, but which, in addition, imparts 
certain lubricating properties to a fluid. X-ray work with crystal 
diffraction equipment supports the fact that long hydrocarbon 
chains can form parallel bundles and that polar materials, of 
which sperm and lard oil are examples, show definite orientation 
under suitable conditions. 

The foregoing groups of lubricants are exceedingly important 
ones. Another group has become of outstanding importance in 
recent years. Viewed from the standpoint of physical mechanics, 
the groups of lubricants mentioned in the paper are representa~ 
tive of materials in which the mechanical or electrical bonds 
exert large forces within the molecule and weak forces between 
lubricant molecules and the material of bearings and journals. 
In lubricants of the type considered here, the presence of powerful 
chemical bonds or the development of such bonds in service leads 
to the formation of rather stable molecular compounds at the 
interface between the lubricant and the bearing or journal. 

Successful utilization of the heavily loaded small-size hypoid 
gear in the rear axles of modern passenger cars capable of develop- 
ing as much as 150 hp depends upon this principle of lubrication. 
In the presence of a Newtonian liquid, under the extremely high 
pressure and temperature load imposed upon individual teeth in 
such a gear, small portions of the pinion steel actually weld into 
the face of the wheel with exceedingly rapid destruction of both 
gear members. When an active lubricant is substituted for the 
inert fluids so commonly employed in other forms of lubrication, 
a thin film is formed upon the gear surfaces by interaction of the 
lubricant and the steel of the gears. This film, being held to the 
steel with powerful forces and yet showing a far lower shear value 
than steel itself, serves to act as a cushion between the gear teeth, 
reducing the friction and preventing the actual welding which 
otherwise occurs. This is, perhaps, the most extreme example of 
the active type of lubricant. 

An equally important application is one requiring a milder 
acting lubricant. In modern aircraft engines, for example, firing 
pressures often exceed 1000 psi. Through rocking of the pistons 
or the use of tapered piston rings, only the sharp edge of the 
piston ring may rest against the cylinder at a given instant. 
Actual embedding of the cast iron of the ring into the steel of the 
cylinder wall occurs even with mirror-finished cylinders. Under 
these circumstances, certain lubricants have been found capable 
of forming on the metal surfaces weakly attached layers, held 
there by physical bonds or by chemical bonds, which themselves 
serve as lubricants or which act as a cushion to improve the action 
of fluid lubricants. 

It should be pointed out that the strides of industry in this 
country are so rapid that new types of lubrication are taking 
their place in industry while we are still trying to explain the 
behavior of those which have been in use over a century. The 
only hope, then, of keeping abreast of industry lies in basing 
future research upon the new discoveries as they emerge from the 
laboratory, and in bridging the gap between the past and present 
as rapidly as funds will permit. 

An incidental item of great interest is the observation, reported 
by the authors, that rapeseed oil, solidified by high pressures, 
remained solid when the pressure was removed by opening the 
reservoir, It would normally be expected that the solid form 
would revert to liquid at once when the pressure was lowered. 
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If this observation can be confirmed it will constitute an extreme 
case of hysteresis, and it may have an important bearing on 
present theories of the persistence of strain in solid materials. 
An alternative explanation might be a very rapid polymerization. 


P. R. Voer.?2 The presentation of this excellent paper almost 
a year after Prof. Norton’s death is a tribute both to the thorough- 
ness with which he prepared the foundation for this work and to 


oh his wise choice of assistants, which left men who are able to 


continue without the benefit of his direct guidance. 

A more complete understanding of the change of oil viscosity 
with pressure will be of importance to everyone concerned with 
lubrication problems. In the automotive industry connecting- 
rod-bearing loads as high as 2000 psi of projected area are common 
practice, and airplane engines sometimes use as high as 10,000 
psi. Assuming roughly that the maximum pressure in the oil 
wedge is about 4 times the load per square inch of projected 
area,?* the actual oil pressures in the foregoing applications are 
8000 and 40,000 psi, well within the range of greatly increased 
viscosity or ‘‘apparent solidification” reported in this paper. 
Gear drives, especially rear axles, sometimes operate at tooth- 
contact pressures of 300,000 psi or more; and although part of the 
load is sustained by direct metal-to-metal contact, considerable 
“apparent solidification” of the lubricant is bound to occur. 
This will certainly have an appreciable effect on the efficiency and 
life of the drive. 

As yet the effects are unknown; and up to now, engineers 
do not generally realize that the phenomenon even exists; but 
eventually it is entirely possible that the change in viscosity due 
to pressure may assume as prominent a place as that now given 
to the change due to temperature. 

To this end it is desirable that the high-pressure investigations 
be continued along the lines suggested in the paper. Further 
tests should be made on a wide variety of commercial lubricants 
such as engine oils, transmission oils, and extreme-pressure 
lubricants in an attempt to find, if possible, a correlation between 
high-pressure viscosity behavior and known results obtained with 
the particular lubricant in actual service. In other words, does 
a universally satisfactory oil have different high-pressure vis- 
cosity characteristics from a poor oil? Of course, this will depend 
upon the type of service for which the oil is good or poor. 

Tests should be conducted with the variables of temperature, 
time of pressure application, and amount of previous working 
held as nearly as possible to actual service conditions. In particu- 
lar, the work done on SAE 30 engine oil should be repeated at 
normal engine-oil temperature of about 150 C. Therefore it is 
sincerely to be hoped that Knott and Muenger will continue this 
valuable work. 


AurHors’ CLOSURE 


Messrs. Larson and Vogt give examples showing that a better 
knowledge of pressure effects on lubricants is of importance in 
practical problems of machine operation. However, Prof. 
Bradford correctly emphasizes the need for interpretation of the 
data given in this paper before they can be applied to such 
problems. The first step might be the separation of extraneous 
effects from the flow-pressure curves, such as are given in Figs. 
10 to 13 of the paper. Temperature rise in the test capillary; 
compressibility of the oil, as mentioned by Messrs. Larson and 
Matteson; the possibility of slippage, as mentioned by Messrs. 
Kleinschmidt and Mooney, lead one to suspect that the curves of 
Figs. 16 to 19 of the paper have too great a curvature. It is 


22 Detroit, Mich. Mem. A.S.M.E. 

23 ‘Pressure Distribution in Oil Films of Journal Bearings,” by 
§. A. McKee and T. R. McKee, Trans. A.S.M.E., vol. 54, 1932, 
paper RP-54-8, pp. 149-161. 
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stated in the paper that these curves should be regarded as first 
approximations, and they should be verified as Mr. Mooney 
suggests. There is need for further distinction between the 
effects of pressure due to magnitude and those due to continued 
application as cited by Prof. Dow. The study of hysteresis 
deserves attention, and it would be desirable to shorten the time 
of application of pressure so as to approach service conditions. 
In reply to Mr. Exline’s question, we regret that we have no 
data concerning the time required for a solidified oil to return to 
its liquid state. 

It is to be hoped that refinements in technique will eliminate 
some of the uncertainties mentioned in the paper. Suggestions of 
Messrs. Matteson, Mooney, Morgan, and Muskat give some 
indication of possible steps. The determination of severab pres- 
sures along the length of the test capillary, as suggested by 
Messrs. Muskat and Morgan, would indeed give useful informa- 
tion on the effect of working the oil but, with the present meth- 
ods of connecting lengths of capillaries and tapping for pressure 
determinations, the flow could not be considered the same as that 
for a single capillary tube. 

The choice of fluids for further experiments would seem to 
depend upon whether the emphasis is to be placed upon explana- 
tion of the phenomena being studied or upon the accumulation of 
data for actual practical applications, The use of pure substances 
and simple mixtures suggested by Mr. Kleinschmidt rather than 
complex oils should be of great interest. The solidification of 
pure substances should be more sharply defined, and their shear 
behavior might be much simpler. However, it is possible that 
the selective solidification of components of an oil give it shearing 
properties which must be studied by use of the oil itself, rather 
than one or two of its components. 

The establishment of an analogy between the effect of low 
temperatures and high pressures would simplify the experimental 
work to a marked extent. As was mentioned in the foreword, 
Shore has called attention to an empirical linear relationship be- 
tween solidifying pressures and temperatures, the slope of the 
lines being constant for several oils. That such a relationship can 
be established for studying shear behavior over wide ranges of 
shear is not clear. Further data seem to be necessary before 
this analogy, mentioned by Messrs. Exline and Kleinschmidt, can 
be established. 

Mr. Matteson questions attributing Newtonian behavior to 
lubricating oils under normal conditions, and he suggests a 
complicating variable is thereby introduced in the study of 
shear behavior under pressure. Since this investigation specifi- 
eally presupposed non-Newtonian behavior in the regions to be 
studied and merely set forth rate-of-shear versus shear-stress 
curves at various average pressures, it is hard to see how non- 
Newtonian behavior at atmospheric pressure would complicate 
the work. Furthermore Figs. 16, 17, and 19 show that sperm 
oil at 0 and 20 C under 9500 psi pressure and Veedol medium at 
20 CG and 10,000 psi are Newtonian. It is safe to assume that 
this also indicates Newtonian behavior for these oils at lower 
pressures. It would not, of course, be safe to predict such be- 
havior at higher rates of shear than were studied. There are 
many confirmations that lubricating oils behave as Newtonian 
liquids under normal conditions. Bradford and Villforth** have 
just recently presented such data on five oils for rates of shear 
up to 320,000 s~!. Any experimental verification of the hydro- 
dynamic theory of lubrication may be considered a verification 
of Newtonian behavior of the lubricant under the conditions of 
the test, for the hydrodynamic theory is based upon Newton’s 
law of viscosity. Such verifications are for the so-called “thick 


24 ‘Relationship of Viscosity to Rate of Shear,’ by L. J. Brad- 
ford and F. J. Villforth, Jr., Trans. A.S.M.E., vol. 63, 1941, pp. 359- 
362. 
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films,’’ and the dimensions of the test capillaries used in this 
work would correspond to thick-film conditions in bearings. 
The effect of orientation of molecules is thought to be pro- 
nounced only in the case of thin films, but it is possible that 
orientation as well as plasticity affects the flow curves as Messrs. 
Schlesman and Bulkley point out. 

Further work was carried on during the summer of 1940 using 
two capillaries in series. The principal results are given in the 
form of rate-of-shear versus shear-stress curves for Veedol 
medium at 0 C in Fig. 20 of this closure, and for castor oil at 
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20 C in Fig. 21. The test capillary used for the Veedol medium 
had an internal diameter of 0.0456 cm and a length of 6.08 
em; the test capillary used for the castor oil had an internal 
diameter of 0.0456 cm and a length of 16.1 cm. These curves 
merely extend the data given in the paper and are subject to the 
limitations hitherto discussed. 

Tests were made upon Veedol medium at 40 C, using pressure 
differences appreciably smaller than in the previous work. The 
observations were erratic due to insufficient accuracy in determin- 
ing the pressure difference. For example, on the 10,000-psi 
average-pressure curve, several negative pressure differences were 
recorded even after using a calibration curve for the Bourdon 
tubes. The curves, therefore, were ill defined, and the data 
are not given.?® ‘These observations emphasized the limitations 
of the present apparatus. 


2 A complete record of the data obtained, during the summer of 
1940, has been filed with the Special Research Committee on Lu- 
brication of Tae Amprican Socrety or MecuanicaL ENGINEERS. 
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Mr. Hersey asks for a statement concerning check observa- 
tions, using a smaller-diameter test capillary. An attempt was 
made toward the end of the summer to check the flow curves for 
sperm oil at 20 C, Fig. 11, since it was felt that these curves 
were the best defined. For this work a test capillary was chosen 
with an internal diameter approximately 0.6 that previously 
used, the length being such as to give approximately the same 
flow for a given pressure difference as occurred in the previous 
work. Such a capillary made the taking of observations easier, 
since it was possible to predict the value of p; necessary to 
give the desired average pressure for a given resistance capillary. 
The lowest measurable shear stresses were much higher than 
those of the previous work, and the observations were, there- 
fore, not conclusive. Mr. Mooney mentions a method of de- 
termining the existence of slip described in bibliography reference 
(18), based upon flow observations from differently dimensioned 
test capillaries when equal shear stresses are used. The method 
assumes that the material studied does not have thixotropic 
behavior, but it is interesting to note that, if data from several 
capillaries coincide when plotted as Q/ar* against S, freedom 
from both slip and thixotropy is indicated. 
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An investigation of the temperature rise in the oil was made, 
using an iron-alumel thermocouple in place of p2 of Fig. 9 of 
the paper. Readings so obtained were ambiguous in view of the 
very small diameters of the test capillaries, but they indicated 
that the temperature rises were not excessive. The thermo- 
couple junction was placed in the bore of a connecting block, 
having a cross-sectional area approximately 12 times that of 
the test capillary. The bore had a volume of approximately 
0.05 em* while an average-flow sample might contain 0.5 em’. 
In other words, approximately 10 times the volume of the bore 
was swept out during the taking of a test. Neglecting the con- 
duction of heat by the thermocouple, some sort of mean exit 
temperature was measured. The limit of sensitivity of the ther- 
mocouple was !/; C, and the highest observed temperature rise 
was 31/3; C, while the majority of the tests showed no perceptible 
temperature rise. ; 

It is instructive to recall the test procedure when discussing 
temperature variations. A given pressure ~o was applied for 
10 min while the outlet valve remained closed. Upon opening 
the valve, p: was kept at po while p: adjusted itself to flow 
conditions. When p: became steady, a flow sample was taken, 
the whole procedure being limited to a relatively short time by 
the capacity of the intensifier. When the thermocouple was 
used, the opening of the valve was followed by a sudden tem- 
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perature drop which slowly diminished, followed by a slowly 
rising positive temperature increment (referred to bath tem- 
perature). This clearly indicated release of energy of compres- 
sion and the behavior also indicated that thermal equilibrium 
was not reached in the flow tests. The maximum observed 
value of this temperature drop was 7 C. Therefore it is felt 
that the mean-temperature rise, as calculated from thermal 


, equilibrium, is substantially higher than that which existed in 


the flow tests. The amount of heat carried away in the oil stream 
is neglected in the equation mentioned by Mr. Hersey, but this 
is somewhat compensated by the assumption that the internal 
walls of the test capillary are at bath temperature. 

For a numerical example of temperature effects, the 25,000- 


psi average-pressure flow curve for castor oil at 20 C was chosen. 


The experimental curve is marked A in Fig. 22. If castor oil 


- had Newtonian behavior under the test conditions, and assuming 


that the viscosity in the capillary was everywhere equal to the 
viscosity at the mean pressure of 25,000 psi, the flow curve would 
be linear, as suggested by curve B, when temperature effects 
are negligible. Then, using thermal conductivity & equal to 
0.039 lb per sec deg C, and viscosity » equal to 2 X 10~* lb sec 
per sq in. as obtained from Fig. 21, the mean-temperature rises, 
as calculated from Mr. Hersey’s equation, become 1.7, 3.9, and 
6.9 C for pressure differences of 8000, 12,000, and 16,000 psi, re- 
spectively. The change of viscosity due to these temperature 
rises was calculated from data given in chart J, Fig. 1 of bibliog- 
raphy reference (2), and a correction was applied to Poiseuille’s 
law so as to give curve C of Fig. 22. The curve might be con- 
sidered to show the maximum deviation from a linear graph 
which could be attributed to temperature rise. The authors are 
well aware that this procedure is open to severe criticism because 
it tacitly assumes superposition for many effects, but it seems 
justified for a first analysis. 
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It is also possible to investigate the assumption that the 
viscosity of the oil may be specified by the viscosity at the mean 


pressure. Writing Poiseuille’s law 
Oi x rt dp 
Su db 
and expressing the viscosity as 
bb = po 10” 


where po is the viscosity at atmospheric pressure and test tem- 
perature, and c is a constant, an expression may be obtained for 
Q in terms of pi and p;. The form of the equation for p is justi- 
fied by experimental results given in reference (2) and mo and ¢ 
were computed from that source. The resulting curve for castor 
oil at 20 C and 25,000 psi is shown as graph D in Fig. 22. This 
graph, then, represents a flow curve for an idealized case when 
the oil is Newtonian and has no temperature rise, but where it 
does have a viscosity variation with pressure such as has been 
actually observed. This curve may give some indication of the 
errors arising from the variation of properties along the length 
of the test capillary. The errors arising from the variation of 
properties of the material along the length of the test capillary 
for oils which have undergone solidification may reasonably be 
expected to be more pronounced. 

The authors are grateful to Dr. C. H. Schlesman of the Socony- 
Vacuum Oil Company for the loan of equipment which was used 
during the summer of 1940, and to others who cooperated with 
the project. Prof. J. P. Den Hartog of the Graduate School of 
Engineering, Harvard University, served as adviser to the 
project, and Mr. G. A. Sullivan assisted with the laboratory work 
during this period. 
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A New Degasifying Steam Condenser for 


Use in Conductivity Determinations 


By F. G. STRAUB! ann E. E. NELSON,? URBANA, ILL. 


This paper describes a degasifying steam condenser 
which will furnish a continuous sample of either steam or 
condensate which is free from dissolved gases but which 
contains the dissolved solids which were present in the 
original sample. Seven of these condensers have been 
built and installed in different power plants varying in 
pressure from 150 to 1250 psi. They have reduced the car- 
bon dioxide from 20 ppm and the ammonia from 3.5 ppm 
to as low as 0.01 ppm for both gases. The unit is automatic 
requiring practically no attention once it is installed. 
The sample of degasified steam or condensate may be 
passed through a conventional conductivity cell and a 
continuous record kept if desirable. Data collected from 
the various plants are given as well as data collected in 
laboratory tests. 


plant for determining the amount of total dissolved solids 

in the steam or in the condensate from the turbines. Ifan 
accurate method is available it furnishes the operator with a yard- 
stick with which he may measure the amount of carry-over from 
the boiler, as well as the amount of condenser leakage. Since 
such a method involves the determination of total solids as low 
as 1 ppm, the calorimeter method does not have sufficient ac- 
curacy and it cannot be applied to the condensate. Weighing 
the solids after evaporation of the water gives sufficient accuracy 
under proper control but it is limited to special tests and cannot 
be used as a routine procedure to be run by the operators. 

The so-called conductivity method has received much con- 
sideration and is being used in many power plants. In this 
method, a sample of the steam is condensed and passed through 
a cell fitted with proper electrodes and the resistance of the 
water to the flow of an electrical current is measured. This re- 
sistance varies with the amount of the dissolved solids in the 
sample. Recording instruments are available which record either 

, the resistance or its reciprocal, the conductance. Thus, a con- 
tinuous record is available. If two cells are used, one on the 
steam, and the other on the condensate from the turbine, 
and the resistance or conductance recorded, the difference indi- 
cates condenser leakage. Thus a record is available as to any 
change in solids in the steam, caused by variation in boiler per- 
formance, as well as any condenser leakage. Since the time lag 
is of very short duration, boiler tests may be conducted to de- 
termine the conditions most favorable for low carry-over or low 
total dissolved solids in the steam. 

Unfortunately, some dissolved gases have a marked effect on 
the conductance of water, consequently, the conductance fails 
to give a record of the dissolved solids. Gases such as ammonia, 


\ J ARIOUS methods have been used in the steam power 
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carbon dioxide, and hydrogen sulphide, interfere with the use of 
this method of determining total solids. With a high-quality 
steam, having less than 1 ppm of dissolved solids, the specific 
conductance might be in the range of 0.5 to 1.5 micromhos or the 
specific resistance between 2,000,000 and 670,000 ohms. It has 
been found that, in many steam samples, 1 ppm of dissolved 
solids corresponds to a specific conductance of 1.5 to 2.0 micro- 
mhos. Ammonia when present in the water will vary in its effect 
on the conductance, depending upon the form in which it occurs. 
However, it has been assumed that 1 ppm of ammonia nitrogen 
is equivalent to 9 micromhos. Thus the effect of ammonia 
nitrogen is about 4.5 to 6 times that of the average solids occurring 
in the steam. Free carbon dioxide has a value of 0.6 micromho 
for 1 ppm or one half that of the average of the solids in steam. 


Urinizinc THE Conpuctiviry Mrrsop 


One way of making use of the conductivity method has been 
to apply corrections to the observed values for the dissolved 
gases (1). However, this necessitates analysis of the steam or 
condensate samples for these gases. When ammonia and carbon 
dioxide occur together, it is difficult to determine the true carbon- 
dioxide value. When the amount of the gases varies, it is neces- 
sary to analyze quite frequently. The great objection to the 
application of these corrections is that often the corrections are 
many times the amount due to the dissolved solids. Thus one 
sample of steam tested had a specific conductance of 14.6 micro- 
mhos with 2.3 ppm nitrogen ammonia. If the value already 
noted was used in correcting for the ammonia, the corrected 
value would be 14.6 — 20.5 or —5.9 micromhos, an impossible 
value. Here also, due to the ammonia present, the water was 
alkaline to phenolphthalein making the regular test for carbon 
dioxide of no value. 

Much work has been done toward removing the gases from the 
steam sample. The first degasifying apparatus was developed 
by J. K. Rummel (2). This made use of the principle of reboiling 
the condensed steam. This method proved effective for reduc- 
ing the free carbon dioxide to a low amount. However, the ap- 
paratus did not remove an appreciable amount of the ammonia, 
The equipment was of a nature to be used for special tests and 
could not be used for continuous operation along with conduc- 
tivity-recording equipment. This was due to the attention nec- 
essary for controlling rates of flow of steam and condensing waters. 

Powell, Bacon, McChesney, and Henry (3) developed an ap- 
paratus using the principle of condensing the steam in a vacuum 
to remove the soluble gases. This method was suitable for use 
with recording equipment and required very little attention. 
The carbon dioxide was removed, but the ammonia had to be de- 
termined and corrected for. This limited the use of their ap- 
paratus to steam having low ammonia. 


DEVELOPING A DEGASIFYING CONDENSER 


Since neither of these degasifying units could be used on con- 
densate samples, the present study was undertaken to devise a 
degasifying condenser which would reduce the soluble gases, in- 
cluding ammonia, to negligible amounts. This condenser should 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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be able to remove the gases from condensate as well as from steam 
and it should be practically automatic so that it could be used in 
connection with recording equipment. 

fa'The degasifying apparatus which was developed is shown in 
Fig. 1. It makes use of the principle of boiling a sample of the 
condensed steam from which the gases have been removed to 
furnish a gas-free steam which in turn removes the gases from the 
condensed steam. In order to obtain efficient removal of the 


SECTION AT 8-8 


SECTION AT A-A’ 


STEAM IN 


Fig. 1 Dxcasiryine Steam CONDENSER DEVELOPED AT UNIVERSITY 
oF ILLINOIS 


gases, a scrubbing tower or stripping column is used in connection 
with a vent condenser, so as to allow venting of the gases after 
being removed from the condensed steam. 

The degasifying condenser may be used for sampling steam or 
condensate. When used for steam sampling, it works as follows: 
The steam to be sampled is throttled to allow about 60 to 70 Ib 
of steam per hr to flow to the unit. Itis preferable to use an orifice 
or a length of small-bore tubing, however, a small valve might 
be used. The steam enters the unit through metal tubing a 
to the heating or reboiling coil b where the major portion of the 
available heat is removed. The partially condensed steam then 
passes to a condensing coil c where it is completely condensed and 
cooled. This coil is made up in the conventional manner using 
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one tube within another. The condensed and cooled steam sam- 
ple now passes through valve d which is opened wide. Valve e 
is kept closed. The sample passes up and part of it overflows 
to waste f or a conductivity cell, if the conductivity of the un- 
degasified steam sample is desired. A portion of the condensed 
sample flows through an orifice g, through a preheating coil h 
where it discharges onto the top of the plates 7. The flow of this 
sample is constant due to the constant head of water above the 
orifice. This sample is representative of the condensed steam 
since it has been condensed and cooled prior to passing through 
the orifice. It contains all the dissolved solids present in the 
steam along with the dissolved gases. 

The sample passes down through the scrubbing or stripping 
column which is made up of a series of plates. The column could 
be packed with various types of packing, or other types of plates 
might be used. It has been found that the plates described give 
efficient operation with very low pressure drop. By the time the 
sample reaches the bottom plates, all of the dissolved gases have 
been removed from the water. This gas-free water then falls into 
the bottom reservoir or reboiling chamber. The heat from the 
steam passing through coil b boils the gas-free water and thus 
furnishes gas-free steam which passes up through the column 
and removes the gas from the sample flowing down. 

The gas-free sample in the reservoir flows out through a cooling 
coil j and then at the proper temperature is available to flow to 
a conductivity cell k. The conductivity of the sample gives 4 
measure of the dissolved solids directly without correcting for 
dissolved gases since it is gas-free. 

The steam, after passing up through the column, is con- 
densed in the top vent-type condenser | where the gases pass out 
the top m and the condensed steam drops back on the top plate. 
The condenser is so operated that no appreciable amount of steam 
is allowed to be lost through the vent. 

In order to obtain efficient operation (remove all the gases such 
as COs, NHs, HS, Ha, etc.), it is essential that the ratio of the 
amount of steam passing up through the column to the amount 
of the condensed-steam sample, being removed to the conduc- 
tivity cell, be well above 1. We have found that, when this 
ratio is between 1.5 and 2, the gas removal is complete. In order 
to obtain this ratio, it is necessary to pass more steam through 
coil b than will be used at the conductivity cell k, so this excess is 
passed through the overflow f. In cases where the NH; is very 
low, this ratio may be reduced and the apparatus simplified some- 
what. However, it appears better to build one unit which will 
remove all the gases which might be present than several units, 
which might be limited in application. It has been found that, 
by passing 60 to 70 lb per hr through the unit and using an orifice 
(about 0.0625 in. diam at g), the sample rate to the conductivity 
cell is 30 1b perhr. This gives the desired ratio of steam to sample 
in the column. 


Apparatus Usip For SAMPLING CONDENSATE 


When the unit is to be used for sampling condensate, the con- 
densate is added at n. Valve d is closed and valve ¢ is opened. 
Sufficient condensate is added so as to overflow constantly at ap 
thus assuring a constant rate of flow through the orifice g to the 
column. Any steam available (above 100 psi) may be then put 
in at a (again controlling flow to 60 to 70 lb per hr) and the con- 
densed steam allowed to flow through valve e to waste. The gas- 
free-condensate sample will flow out through k to the conductivity 
cell. The dissolved solids will be present, but the gases will be 
removed. 

This unit differs from those previously used in several ways. 
Thus J. K. Rummel used the reboiling principle, but he con- 
densed the steam along with some of the gases and reboiled a 
solution containing gases. We reboil a gas-free sample. M. 
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Hecht and D. 8. McKinney condensed a sample of steam and 
applied corrections for the dissolved gases. S. T. Powell and 
I. G. McChesney condensed in a vacuum but still had to correct 
for dissolved ammonia. No one has, to our knowledge, used the 
principle of the scrubbing tower or stripping column to remove 
these gases from a sample of condensed steam to be used for con- 
ductivity determinations. This principle has been used for other 
purposes such as purifying alcohols, ete. 

The apparatus is compact, being about 3 ft high and 6 in. out- 
side diam. It is only necessary to connect the steam-sample line, 


a cooling-water supply, and an overflow outlet. Fig. 2 is a view 


of the condenser, while Fig. 3 shows the construction of the plates 
in the column. 


Fig. 2 


VIEW OF THE CONDENSER 


The operation is practically automatic, once the unit has been 
installed and properly adjusted. The flow of the cooling water 
to the cooling coils is adjusted (valves 0 and :) as well as that to 
the top condenser, in order to limit the amount of cooling water. 


Further adjustment of these valves is necessary only at infre- 


quent intervals. The use of an orifice to control the steam flow 


TABLE 1 RESULTS OF TESTS IN UNIVERSITY OF ILLINOIS 


POWER PLANT 
(150-Psi-gage saturated steam) 


Specific 
NHs, pH conductance, 
Method of condensing ppm value micromhos 
In coil under pressure.........- 1.5 6.5 TEG 
Modified Rummel...........-- 0.9 Oe, 6.2 
New degasifying unit.......... 0.0 7.4 1.4 
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to the unit makes it unnecessary to adjust this flow. It is only 
necessary to check the overflow and sample rate from time to 
time to determine that the proper amount of steam is flowing. 


TrEsts ON APPARATUS IN PowER PLANTS 


One of the degasifying steam condensers was tested in the Uni- 
versity of Illinois power plant. The steam available was 140 to 
150 psi gage saturated steam. An orifice 0.125 in. diam X !/4 in. 
long was used and this allowed 71 lb of steam per hr to flow to the 
unit. The sample of degasified water flowed at a rate of 31 lb 
per hr. Table 1 gives the results of some tests conducted on this 
steam. The degasified steam had a specific conductance of 1.4 


Fic. 3 ConsrrucTion or PLaTgEs IN STRIPPING COLUMN 


micromhos while the undegasified steam had a specific conduct- 
ance of 11.6 micromhos. Thus, the gases had caused a change of 
11.2 micromhos in a steam having a true value of only 1.4 
micromhos. 

A degasifying unit was installed in a large central station, using 
steam from the main steam line, having 1250 psi pressure and 900 
F. The steam was passed through a steel tube, 0.06 in. ID by 
0.25 in. OD, 11 ft long. This allowed 72 lb of steam per hr to 
flow through the unit and the sample rate to the conductivity 
cell was 32 lb per hr. The steam at the beginning had 0.67 ppm 
NH; and later this was reduced to 0.24 ppm. The degasify- 
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TABLE 2 RESULTS OF TESTS RUN ON 1250-PSI 900-F STEAM 


; NHs, Specific conductance, 
Method of condensing ppm micromhos 
In coil under pressure d 5.93 
In coil under pressure... 5.07 
New degasifying unit... 1.40 
New degasifying unit... 1.52 
In coil under pressure 2.90 
New degasifying unit.............6. 1.25 
New. degasifving Unite. uo. cc sme ees 1.63 


TABLE 3 RESULTS OF TESTS RUN ON CONDENSATE FROM 
SAME PLANT AS TABLE 2 


Specific 
NHs, pH conductance, 
ppm value micromhos 
No degasifying...............-- 0.73 8.4 6.73 
New degasifying unit........... 0.00 (avi hey (in 1.20 


TABLE 4 RESULTS OF TESTS RUN ON CONDENSATE FROM 
EVAPORATOR AND BOILER STEAM 


Specific 

Source of CO2, NHs3, conductance, 

steam Method of condensing ppm ppm micromhos 
Evaporator In coil under pressure 18.2 0.03 Wipe) 
Evaporator Through degasifying unit 0.0 0.02 2.9 
Evaporator In coil under pressure 18.7 0.02 ey 
Evaporator Through degasifying unit 0.0 0.01 3.0 
Boiler In coil under pressure 0nd 0.05 sie 
Boiler Through degasifying unit 0.0 0.00 1.6 


ing unit gave a sample free from ammonia. This unit has now 
been running more than 6 months in connection with a conduc- 
tivity recorder. During this time, tests on the degasified sample 
showed them to be free from ammonia. 

A unit was also tested in this same station using the condensate 
from the turbine. The steam used for the reboiling was about 
225 psi gage, superheated about 200 F, and contained 1285 Btu 
per lb. An orifice 0.086 in. diam X 1/, in. long was used and gave 
a steam flow of 66 lb per hr through the unit. The sample flow of 
degasified water was 30 lb per hr. Here again the ammonia was 
reduced to 0.0 ppm. The pH value was reduced from 8.4 when the 
ammonia was present to 6.7 to 7.2 in the degasified sample. Dur- 
ing the time of this test, the condenser leakage was low and the 
specific conductance of the gas-free sample was about the same 
as that of the gas-free steam sample. A unit has been installed 
which operates using the condensate from a central point which 
gives condensate from all the condensers. It is arranged so that, 
when the conductivity of the degasified sample varies and in- 
dicates condenser leakage, samples may then be taken from 
each condenser in turn, in order to determine which one is leaking. 
The results of the tests conducted in this station are given in 
Tables 2 and 3. 

A unit was installed in another power plant in order to obtain 
a continuous record of the quality of the vapor from the evapo- 
rators. Since the pressure in the evaporators varied between 10 
and 60 psi gage, it was not possible to use this vapor directly in 
the degasifying unit. It was first condensed and then run through 
the unit as condensate. The source of heating used was steam 
at 650 psi and 725 F. This was throttled through an orifice 0.05 
in. diam by 1/,in. long. This gave a flow of 68 Ib per hr through 
the unit. The evaporator distillate was passed through at a rate 
of 32 1b per hr. The ammonia content of the evaporator distillate 
at the time of the tests reported was very low, about 0.02 to 0.03 
ppm, but the carbon dioxide was around 19 ppm. When this 
was passed through the degasifying unit, Table 4, the ammonia 
was reduced to about 0.01 ppm and the carbon dioxide to 0.0 
ppm. The unit was then used to degasify the steam and it re- 
duced the ammonia from 0.05 to 0.0 ppm and the carbon dioxide 
from 0.5 to 0.0 ppm. 

In all determinations of pH value the glass electrode was 
used. Inthe University of Illinois tests the sample was kept free 
from contact with air untikit had passed through the glass elec- 
trode container. In the central-station tests (Table 3) the 
sample was exposed to air while measuring the pH value. All 
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conductance tests were run on the sample protected from contact 
with the air. 


AMMONIA DETERMINATION 


The ammonia was determined by the Nessler method (4). 
In some tests the comparison was made in Nessler tubes and in 
others, the Hellige nitrogen-ammonia color disks were used for 
comparison. In all the tests reported as 0.00 ppm NHs, the color 
after adding the Nessler reagent corresponded to the 0.00 standard 
color. In the test on the University steam when the Nessler test 
showed 0.00 ppm NH, 500-ml samples of the gas-free water were 
tested for NH; by evaporation (4). This method gave the NH; 
as equal to 0.02 ppm. This value may be high since the samples 
were not protected from contact with air while sampling. How- 
ever, it shows that the ammonia had been reduced from 1.5 ppm 
to a maximum value of 0.02 ppm, or a removal of about 99 per 
cent of the ammonia. The residual ammonia would not affect the 
specific conductance by more than 0.2 micromho or be equivalent 
to more than 0.1 ppm of dissolved solids in the steam. Tests on 
the degasified samples for carbon dioxide showed it to be negligible 
in all tests. 

The carbon dioxide was only determined in the steam or con- 
densate before degasifying, in the tests reported in Table 4. This 
was possible due to the low ammonia present. 


CoNCLUSIONS 


As a result of the tests conducted, it is possible to conclude 
that the degasifying unit will give a sample of water for conduc- 
tivity determinations having the dissolved solids present in the 
absence of dissolved gases. It is possible to use this unit directly 
on all steams above 150 psi as well as on condensate. 
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Discussion 


R. E. Hawi! anp E. P. Parrriper.’ The marked advantages 
inherent in the conductivity method of determining purity of 
steam have enlisted a number of investigators over a period of 
several years in the drive to eradicate troublesome factors which, 
necessarily, have led to indeterminate error in the final results. 
The task has not been simple; various separate steps have had 
to be combined to provide the facility of measurement which is 
routine today. 

One of these steps has been the development of suitable elec- 
trical-measuring equipment. The instrument makers have 
made a good job of this phase of the work. As one today uses a 
convenient and accurate conductivity meter, designed for 60- 
or 25-cycle current, and for 110 or 220 v, and provided with an 
attachment to compensate for the temperature of the sample to 
be measured, he can scarcely realize the difficulties which Fitze 
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(5),° Hecht and McKinney (1) or Rummel (2) had to overcome 
in their adaptation of equipment then available to the specific 
problems of steam. Perhaps it was their work which defined for 
the instrument makers the needs which they have filled. 

Conductivity cells vary considerably in their construction, 
form, and dimensions, according to the individual preferences of 
their users. However, if the cell constant is appropriate and 
carefully determined, the form of the cell within reasonable 
limits will not affect the final accuracy of the determination. 

Sampling of the steam has presented its own problems. We 
believe no exception has been taken to the recommendations for 
gathering the sample as set forth in the Power Test Codes (6). 
The trend is toward providing enough sampling connections to 
permit measurement of steam quality at all pertinent points. 
The value of this is well illustrated by Baker in his paper (7) and 
in particular by the problems in connection with the induction 
of new installations into service. 

From the point at which condensation of the steam sample 
begins, on through the conductivity cell where the final deter- 
mination is made, what shall be the composition of the pipes or 
vessels contacting the water, in order that they shall contribute 
the least contamination by dissolving therein? Some data are 
available on this question (8). Perhaps stainless steel as used 
by Powell (9) will finally prove best. A report of an investiga- 
tion on this point and discussion thereof are being planned by 
Committee D-19 for the A.S.T.M. annual meeting in June, 1941; 
several other factors relating to determination of steam purity 
by conductivity will also be given consideration. 

As the authors point out, methods of correction for, or elimina- 
tion of, dissolved gases have necessarily been evolved, in order 
that the conductivity contributed by dissolved solids carried 
over from the boiler may be known. The values of Rummel (2) 
for CO, and NH; have been most extensively used for correction 
purposes. At times these have led to impossible results, as 
noted by the authors, and as pointed out also by Watson (10). 
‘The latter showed that it is incorrect to apply separate correc- 
tions for NH; and CO,, because they are interreactive and, there- 
fore, contribute to the conductivity in a measure which is not 
the sum of their separate conductivities, but which varies with 
the pH value which they jointly establish in the sample. When 
these parts are taken into consideration, the anomalies in the 
correction method are no greater than the percentage of error 
involved in the determinations. 

The method of eliminating dissolved gases, as exemplified by 
the equipment developed by the authors, is a neat application to 
this problem of the principles of the stripping column. With 
equipment such as this for providing continuously a gas-free 
sample, and with sensitive conductivity meters to record the 
conductivity of the sample, certainly the record on quality of 
steam will be more simply obtained, and more accurate than 
heretofore. The writers would raise only one question, a point 
on which the authors have not touched, ie., what is the com- 
position of material utilized in the condenser and reboiler in 
order that they shall contribute the minimum dissolved metal ion 
to the sample? 
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Max Hecur.? In order to make this paper more readily 
understandable, the authors are requested to amplify the follow- 
ing items in their closure: 

The addition of the stripping column between the reboiler and 
the vent tondenser represents a considerable improvement over 
the apparatus suggested by Messrs. Schwartz, Gurney, and 
Crossan,® which produced a water containing about 0.14 ppm 
residual ammonia nitrogen. 

Operating Practice. The writer described in his paper (1) 
the utilization of a conductivity recorder for determining steam- 
condensate quality. This recorder was equipped with tempera- 
ture compensation and manual compensators for cell constant 
and carbon dioxide. Similar recorders are being employed for 
steam quality from boilers as well as vapor purity from evapo- 
rators. It is noted in the Hecht and McKinney patent,° in the 
J. K. Rummel patent,!° and in the Powell and McChesney pat- 
ent,!! that the apparatus and methods described in each are 
adaptable to continuous recording of specific conductance. 
The apparatus described by Schwartz and his associates, as well 
as commercially available degassifying units, are also adaptable 
for use with a recorder. 

Corrections to Observed Conductance. Inasmuch as the authors 
do not describe the conductivity apparatus used in their experi- 
ments, and since no standard temperature is indicated for the 
specific conductance values reported in the paper, it is pertinent 
to ask if the room-temperature observations were compensated 
to some standard temperature. This temperature should be 
specified. 

In view of the relatively large area of metals exposed in the 
authors’ apparatus to both steam and condensate and the rela- 
tively slow rate of flow of the fluids through the apparatus, have 
the authors verified that no heavy metal salts are introduced 
into the sample, which would require a “water correction?” In 
the writer’s experience the ‘“‘water correction’? may amount to 
as much as 0.8 or 0.9 micromho at 25 C.™ Rumme! (2) suggests 
0.1 micromho. It is assumed by the writer, from an inspection 
of the paper,!* that Schwartz deducts 0.05 at 25 C from his ob- 
served conductance. Straub" reports values of 0.50 and 0.33 
micromho determined in steam condensate produced from a 
specially treated water. He used this supply for boiler-feed 
purposes in an experimental boiler and reports: ‘The specific 
conductance of the condensed steam was continually better than 
1 micromho.” Inasmuch as the authors describe special pre- 
cautions to render this supply free of all gases, the writer con- 
cludes that the value of 1 or less micromho, represents contami- 
nation of the steam condensate by heavy metal salts. (It 
should be noted that this value of 1 or less is considerably higher 
than the suggested water corrections reported by Rummel and 
Schwartz. The specific-conductance values reported by the 
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authors in this investigation were not referred to a standard 
temperature.) 

Although the authors do not use the ammonia corrections 
mentioned in the introduction to their paper, it should be pointed 
out that the value assumed by them is higher than experimen- 
tally determined values found by Rummel and by Schwartz. 
Rummel!§ found 7.3 micromhos per ppm nitrogen ammonia for 
ammonia alone in water, and 8 micromhos per ppm nitrogen 
ammonia for carbonated-ammonia solution. Schwartz!® re- 
ported 8 micromhos per ppm nitrogen ammonia. 

Nomenclature. It is observed that the terms “total dissolved 
solids,” ‘‘total solids,” and “dissolved solids” appear t® be used 
interchangeably throughout the paper. The following defini- 
tions!7? on water for industrial use are given by the American 
Society for Testing Materials: 


2 (e) Dissolved Solids.8 ‘Dissolved solids” comprise the 
dried residue from evaporation of the filtrate, after separation of 
suspended solids. 

2 (f) Dissolved Salts. ‘Dissolved salts’ are the sum of the 
individually determined ions in a complete analysis. 

The terms ‘dissolved solids” and ‘‘dissolved salts’”’ are appro- 
priate for use and applicable to the subject matter discussed by 
the authors. 


A. E. Kirrrepce.!® Preceding a broad discussion of steam- 
sampling equipment the writer wishes to commend the authors 
on the compact and effective mechanical design of the equipment 
they had described, in the light of the purpose for which this 
equipment was developed. Reference to the field of applica- 
tion for which this equipment is designed is purposely made be- 
cause there is a fair distinction to be made between equipment 
designed to serve the single function of degasifying the steam 
sample for conductivity test and that for the dual function of 
both degasifying the steam sample for conductivity tests while 
yet permitting the collection of the separated gas for analysis. 
An appreciable demand for equipment of the latter type seems 
to be indicated by the need for detecting quickly the generation 
of hydrogen in high-pressure boilers and superheaters, resulting 
from the dissociation of steam; appearance of hydrogen in the 
sample, of course, indicating a dissociation and active corrosion 
by the free oxygen so liberated. 

It seems impossible to discuss a paper of this kind technically 
without first establishing a few points of fundamental fact. In 
any physical process of gas removal there is no possible design 
which can produce an absolute zero in fact. Different designs 
emphasize different advantages but, in such a process, depending 
upon a driving force between the solvent and the solute, the end 
point must, from the nature of the process, still have an actual 
if not measurable difference between the actual value, whether 
measurable or not, and absolute zero. Appreciation of this fact 
is necessary to give proper evaluation to the different methods 
of design of degasifying equipment. This paper emphasizes the 
use of clean steam for flushing the fractionating tower and a 
counterflow arrangement of the condensed sample and the flush- 
ing steam. Both of these elements are in themselves desirable 
features if they can be utilized without szerifice of other desir- 


18 Data from curve prepared by J. K. Rummel and available 
through the courtesy of The Babcock & Wilcox Company, New 
York, N. Y. 

16 Footnote 13 of this discussion, refer to p. 729. 

7 “Tentative Methods of Reporting Results of Analysis of Indus- 
trial Waters,’’ D596-40T A.S.T.M. Book of Standards, Supplement 
1940, part 2, p. 541. 

18 The term ‘‘total dissolved solids’ is not defined on pp. 56 and 
92 of Bibliography (4), but what appears to be an ambiguous defini- 
tion appears on page 151. ‘ 

18 Chief Engineer, Cochrane Corporatien, Philadelphia, Pa. 
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able features. The point we wish to make is that proper evalua- 
tion of all the elements entering into the degasifying process are 
necessary to determine the best cycle of operation for any particu- 
lar equipment. 

There are three basic factors to be considered in the design of 
degasifying equipment. These are: 


1 The creation of a satisfactory equilibrium condition. 
2 Theselection of an advantageous operating temperature. 
3 The provision of an effective degasifying means. : 


Equipments, designed to operate at relatively high vacuums 
and temperatures below 100 F, very easily produce satisfactory 
equilibrium conditions but are greatly handicapped by the 
higher viscosities of water at these temperatures. The higher 
viscosity of the water places a greater burden on the deaerating 
means in spite of the favorable equilibrium conditions. Degasi- 
fication at low temperatures can be accomplished but operates 
under a definite handicap. 

Operation of degasifying equipment at around atmospheric 
pressure with counterflow of steam and water provides a suitable 
equilibrium condition and utilizes the advantageously low vis- 
cosity of water at this temperature. In spite of the favorable 
equilibrium condition and operating temperature, the controlling 
limitation on the design of degasifying equipment for atmospheric 
operation will be the actual degasifying means. The latter is 
very apt to be handicapped and compromised in the design of 
small compact test equipment such as that under discussion. 

Because the limiting factor in the design of degasifying equip- 
ment is the third element of the three tabulated, the design of 
equipment of the writer’s company to be later described, utilizes 
the most effective degasifying means known, i.e., the atomizing 
method, at a very slight sacrifice to the most favorable equi- 
librium condition for the purpose of obtaining the greatest net 
effective result. 

If a condensed-steam sample, containing as much as 1 cc per | 
of oxygen is flushed with an equal quantity of steam at atmos- 
pheric pressure in an open chamber without a counterflow ar- 
rangement, all but 1 part in 100,000 of the dissolved gas in the 
liquid would be transferred to the steam, if equilibrium were 
reached. That is to say, when the quantity of flushing steam 
equals the quantity of condensate to be deaerated and the steam 
itself contains 1 ce per | of oxygen, the presence of that oxygen 
would support in solution in the liquid only 0.00001 ce per I. 
This value ranges somewhere between 0.2 and 1 per cent of the 
smallest quantity of oxygen that can be determined by any known 
test method. It emphasizes the fallacy of limiting equipment 
design to conditions which are theoretically advantageous but 
practically worthless. For the same reason, we choose to place 
emphasis, in the design of our equipment, on effective means of 
degasification. Similar values apply to other gases, proportion- 
ate to their solubility and inversely proportionate to their specific 
volume at the operating conditions. 

In contrast to the equipment presented by the authors, we 
wish to refer to equipment designed by the writer’s company to 
serve all the purposes of the former equipment and, in addition, 
to make possible selection of gases removed from the steam 
sample for analysis. In the foregoing, we have briefly outlined 
reasons for placing emphasis on the effectiveness of the deaerat- 
ing means as opposed to the obvious need of giving attention to 
satisfactory equilibrium conditions. In the degasification of a 
steam sample, involving the removal of carbon dioxide and am- 
monia, there is additional reason to use the most effective means 
of degasification possible. 

Solutions of both carbon dioxide in water and ammonia in 
water form loose chemical combinations of carbonic acid and 
ammonium hydroxide respectively. Each also ionizes the solu- 
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Fig. 4 View or DrGAsiFipR on TEST 


tion and the percentage of ionization of each dissolved gas in— 
creases as the total amount of gas in solution decreases. That 
part of either gas in solution as carbonic acid or ammonium hy- 
droxide unionized exerts a gas pressure and is available for re- 
moval. It is from this fraction of the total gas in solution that 
diffusion of the gas particles from the liquid to the flushing steam 
occurs. It is apparent then that, as complete removal of the 
particular gas is approached, complete ionization of all the gas 
in solution is approached and the difficulty of removal of the re- 
maining gas increases tremendously. 

When dealing with a distilled-water sample, otherwise neutral, 
the presence of carbon dioxide will lower the pH value. As the 
carbon dioxide is removed, the pH value will rise toward the 
neutral point and the difficulty of removing the carbon dioxide 
will increase. On the other hand, the presence of ammonia in an 
otherwise neutral water sample will raise the pH value above 
the neutral point and the removal of the ammonia will lower the 
pH value and increase the difficulty of removal as the neutral 
point is approached. 

The illustrations accompanying this discussion show details 
of the steam-sample degasifier mentioned. 

The condensing and atomizing chambers, shown in Fig. 5, are 
8-in-diam cylindrical vessels made of stainless steel. All parts 
of the equipment which contact the sample are stainless steel. 
The condensing and atomizing chambers are complete with re- 
lief valve, gage glasses, manometer connection, overflow connec- 
tion, sampling connection, cooling coil, etc. 

The pressure-control equipment consists of an 18-in-diam X 
12-in-high constant-head tank with a 3/,-in. float-operated regu- 
lating valve, two 1/2-in, diaphragm-operated control valves, 
pressure regulator, air filter, pressure-reducing valve, constant- 
head chamber, and interconnecting piping and tubing for the 
operation of the controls. 

A separate vent cooler is provided for cooling dissolved gases 
and condensing any steam passing beyond the main condenser. 
Necessary water and vent piping is supplied between vent cooler 
and condensing chamber and vent cooler and control equipment. 
A cooled-gas outlet is supplied on the vent cooler. A fixed ori- 
fice is provided for reduction of steam pressure in the steam- 
sampling line ahead of the degasifier. 
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A 3/,-in. swing check valve and a !/,-in. pet cock are provided 
in the overflow line to regulate flow of condensate from the de- 
gasifier and prevent inflow of air through the overflow connec- 
tion. 

Method of Operation. The rate of steam sample supplied to 
the degasifier is controlled by a fixed orifice in the sampling line 
from the point at which the sample is taken, the orifice being de- 
signed to maintain a flow of 250 lb per hr. 

Referring to Fig. 5, the sampled steam first enters the atomiz- 
ing nozzle through the %/,-in. steam-inlet connection. The 
nozzle is designed to give the steam an appreciable pressure drop, 
approximately 50 psi. The energy thus made available serves 
to induce previously condensed steam to the nozzle, atomizing 
it thoroughly and removing the noncondensable gases from solu- 
tion. Steam and noncondensable gases travel upward in the 
atomizing chamber and over to the condensing chamber. A 
separator is built into the top of the atomizing chamber to pre- 
vent excessive carry-over of the condensed sample from the atom- 
izing compartment to the condensing chamber. In the condens- 
ing chamber, the steam is condensed and the condensate is with- 
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drawn to the atomizing chamber through the 1/2-in. piping and 
needle valve, connecting the bottom of the two compartments. 
The needle valve is adjusted to maintain a level of condensate in 
the condensing chamber, as indicated in the gage glass. 

The vent mixture is withdrawn, through the pipe extending 
to the bottom of the condensing chamber, to a small vent cooler 
where the remaining water vapor is condensed from the mixture, 
and the noncondensable gases cooled to approximately room 
temperature. The vent condenser and vent cooler are designed 
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to prevent appreciable accumulation of gases, so that the samples 
withdrawn can be analyzed without lag. 

A continuous overflow is maintained from the sampling device 
for removing condensate from the degasifier. The rate of water 
discharged through the overflow connection is controlled by an 
adjustable orifice in the form of a !/,s-in. pet cock at the base of a 
2-ft leg. The variation in head on the orifice by the change in 
water level in the leg makes the orifice self-regulating. A check 
valve placed in the overflow line ahead of the orifice prevents air 
entering the atomizing chamber through the overflow connec- 
tion, in case the pressure within the degasifier falls below atmos- 
pheric. 

A 1/,-in. sampling connection is placed at the bottom of the 
atomizing chamber for passing a sample of the condensed steam 
through a conductivity cell for determination of carry-over. 

Steam pressure in the degasifier is maintained at 2 in. of water 
by controlling the amount of cooling water flowing through the 
condensing coil and vent cooler. Cooling water first enters the 
constant-head tank through the #/,-in. regulating valve which 
maintains a constant water level in the tank. There are two 
1/,-in. diaphragm-operated control valves for controlling the 
water flow. The first of these valves ahead of the degasifier has 
the diaphragm connected to the water line between the degasifier 
and the second valve, thus maintaining a constant water pres- 
sure at the inlet to the second valve. The second diaphragm- 
operated control valve is air-operated, being actuated by a pres- 
sure regulator briefly as follows: 

The pressure regulator consists of a diaphragm, the bottom of 
which is connected through a constant-head chamber to the con- 
densing chamber of the degasifier, and the top of which is con- 
nected to a leak-off valve. Air is supplied through an air filter 
and pressure-reducing valve, which maintains a constant pres- 
sure, ahead of the regulator, to the regulator. In passing through 
the regulator, air passes through a fixed orifice and then to the 
diaphragm on the second diaphragm-operated control valve. 
A leak-off valve is placed between the orifice and the diaphragm 
of the diaphragm-operated control valve. The pressure in the 
degasifier controls the position of the diaphragm of the pressure 
regulator which in turn controls the position of the leak-off valve, 
regulating the pressure under the diaphragm of the second dia- 
phragm-operated control valve. The leak-off valve on the pres- 
sure regulator is of the compensating type to prevent overtravel 
of the diaphragm-operated control valve. 


F. W. Quarues.?° While others have used the principle of 
counterflowing condensate against the vapor, together with 
that of reboiling, in an effort to degasify and obtain the minimum 
amount of gases in solution in the condensed-steam samples, 
the writer believes that they have erred mainly in being too 
timid in the application of enough counterflowing and reboiling 
action. 

The diagram shown in Rummel’s paper (2) indicates that the 
degasifying action possible in the vent condenser was ignored 
and its effect on the results neglected also. 

It occurs to the writer that, regardless of the scheme used, the 
gas vents will be accompanied by vapor which in all probability 
will contain a negligible amount of soluble solid matter. This 
will cause the condensed sample reaching the conductivity cell 
to have a greater soluble-solids content than in the steam. Has 
it been determined that the correction for this in the authors’ 
apparatus is negligible? 

The main principle involved in almost all of the schemes of 
degasification is that recognized by the Henry-Dalton gas laws 


20 Assistant to Superintendent of Power Production Stations, 
Consolidated Gas, Electric, Wight and Power Company, Baltimore, 
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and concerns the equilibrium relationship between the amount of 
gas associated with the vapor and liquid phases of the water. 

Assuming equilibrium as calculated by these laws for two cases, 
one with 3 ppm of O, and the other with 3 ppm of NH; in the 
steam (with correction for dissociation in the case of ammonia 
and no undercooling of the condensate in either case), the amount 
of ammonia in the water solution would be of the order of 130 
times that of oxygen. 

In actual practice, equilibrium will not be reached because of 
the need of an infinite amount of surface, and the removal will 
be less complete than indicated. However, even in the case of 
ammonia the amount of removal by this method would seem to 
be worth-while and, on first thought, it would appear peculiar 
that the authors allow first that condensation take place in a 
small-bore tube where proper advantage of this action cannot be 
taken so that a greater duty is thrown on the scrubbing column. 
However, when consideration is given to the need for an extra 
amount of heat for reboiling and the difficulty of obtaining it 
from the sample-steam line without disturbing the concentra- 
tion of soluble solids in the sample reaching the conductivity 
cell, the value of this expedient can be appreciated. 
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Fig. 6 DraGRAM OF SIMPLE DEGASIFYING APPARATUS 


It may be of interest for the writer to present his idea of a 
simple apparatus shown diagrammatically by Fig. 6 of this dis- 
cussion, which was suggested to S. T. Powell in a private dis- 
cussion of the paper (8). 

The apparatus suggested can be assembled by plant mechanics 
from materials readily obtainable; use of 1'/,-in. IPS inner tube 
and 2-in. outer pipe with 11/,-in. X 2-in. fittings being suggested, 
it being preferable to use a full 20-ft length of inner tube. The 
tube diameters, however, are dependent upon the amount of 
steam sample to be degassed. By employing this arrangement, 
the water can be kept in a thin film to allow quick diffusion of 
gas to the interface where maximum allowable steam-scrubbing 
velocity is maintained, allowing a small margin of safety against 
holdup of the condensate. Not only the condensing, but also 
the reboiling, is done counterflow in film form. 

It is considered desirable to heat-insulate the steam-sample 
line in order to have the steam enter the apparatus in a super- 
heated state and, thereby, boil off some of the condensate in the 


| boiler section equally as well as steam heat. 


STRAUB, NELSON—DEGASIFYING STEAM CONDENSER FOR CONDUCTIVITY DETERMINATIONS 


middle section which to some extent corresponds to the middle 
section of the authors’ equipment. 

The reducing nozzle, it is believed, cannot very well be used 
for total pressure reduction, it being used mainly for the purpose 
of causing a swirling action of the steam, thereby increasing tur- 
bulence and quickly removing the gas which has diffused into 
the gas-vapor film at the interface. 

It is obvious that other forms of heat may be used for the re- 
The vertical height 
necessary for this design and the necessity for a separate heat 
supply for reboiling, however, are points against it when com- 
pared to that of the authors, assuming a 20-ft-length tube to be 
necessary. 

To the writer, it seems remarkable that the authors’ apparatus 
can produce adequate results in so short a vertical distance, 
since he had visualized a 20-ft vertical distance as about right. 

The writer wishes also to point out that such equipment is well 
suited for analyzing the gaseous content of the steam, since good 
removal is obtained. 


J. B. Romer.?!_ Ever since J. K. Rummel developed the 
Babcock & Wilcox degasifying condenser, which he reported in 
his paper (2), there has been a great deal of comment regarding 
the corrections necessary. This comment has, in numerous 
cases, taken the form of questioning the ability to correct when 
both ammonia and carbon dioxide are present. The writer 
would like to make it quite clear at this point that, when this 
piece of apparatus is properly operated, the carbon dioxide is 


21 Chief Chemist, The Babcock & Wilcox Company, Barberton, 
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completely eliminated and proper correction can be applied for 
the residual ammonia. 

By applying the principles of perforated-plate rectifying 
columns to the condenser described, the authors have made a 
contribution to the art which is well worth-while and gives us a 
compact piece of equipment which does not require correction 
factors and, hence, permits the attachment of a direct-reading 
recorder. 

One of the serious problems formerly encountered was that of 
convincing the boiler owner or engineer that the conductivity 
method was reliable, his objection being that the correction 
amounted to as high, in some cases, as 90 per cent of the total 
reading. This objection has been overcome by making several 
comparative studies of the quality of steam condensate. The 
conductivity of several samples of steam condensate was first 
determined and then large volumes of the same condensate were 
carefully evaporated and the residue carefully analyzed by exact 
analytical methods. We found that the results checked within 
satisfactory limits and thereby overcame the objection to correc- 
tion factors. As a result, conductivity is now a recognized 
method for determining the quality of steam condensate. 


Avuruors’ CLOSURE 


The stainless steel (18-8) is utilized in the condenser wherever 
the metal is in contact with steam or the condensate. In tests 
which have been run in the laboratory we have been able to ob- 
tain a product from the condenser having a specific conductance 
of 0.18 micromho at 25 C. This would indicate that there is 
a minimum amount of dissolved metal ion in the sample. The 
results which have been reported in this paper have all been 
corrected to 25 C. 
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A High-Temperature Bolting Material 


By A. W. WHEELER,! SCHENECTADY, N. Y. 


In the process of providing new materials or old with im- 
proved heat-treatments to withstand the increasing tem- 
peratures employed in present-day steam turbines, many 
studies are being made on alloy steels and their heat-treat- 
ment which are most suitable for use as bolting material. 
This paper reviews a series of tests on heat-treatment, 
creep, rupture, and hardness, together with the applica- 
tion of the results to bolting-material practice. 


ITH the increasing temperatures for which steam tur- 
bines are being designed, it becomes necessary to pro- 


'formly controlled, is the melting practice. 


vide new materials or old materials with improved 
heat-treatments to insure equally successful operation under 
the more severe conditions of service. 

The problem of heat-treatment must be given most careful 
consideration. However, heat-treatment is only one of the 
essential factors in the production of steel for high-temperature 
use. Perhaps the most important factor, and one not so uni- 
With the different 
types of furnaces now in common use, the methods of deoxidizing 
and adding alloying elements have a direct bearing not only upon 
heat-treating characteristics, but upon the physical and creep 
properties and the structural stability under high temperature. 

In the development of steel by composition and heat-treatment 
for high-temperature operation, account must be taken of all the 
service requirements. The final acceptable result for any type of 
steel will probably be something of a compromise between the 
various properties, as it is not possible to have all properties meet 
the maximum values. 

The tests covered in this paper are as follows: 


1 Effect of heat-treatment on room-temperature physical 
properties. 

2 Long-time high-temperature creep tests of the relaxation 
type. 

3 Long-time rupture tests at high temperature. 

4 Effect of time at high temperature on room-temperature 
hardness. 

Heat-Treatine Tests 


The series of heat-treating tests covered in this paper was made 


) on a material which has been on the market for a number of years, 


and the manufacturing processes are well established. 

Tests were made on a 4-in-diam bar stock, electric-arc furnace 
heat, of the following composition: Carbon 0.45, chromium 0.99, 
molybdenum 0.35, vanadium 0.26, manganese 0.61, and silicon 
0.32. 

The quenching part of the heat-treatment was done on the full- 
size stock, after which each piece was split into quarter segments 
for the different draw temperatures. The test coupons were 
taken out about half way from the center to the outside of the bar. 

These tests were undertaken primarily to find the required 
heat-treating cycle to improve the notched impact strength, since 


P) this is a bolting material which must have high sharp-notch im- 


1 Turbine Engineering Department, General Electric Company. 

Contributed by the Joint Research Committee on Effect of Tem- 
perature on Properties of Metals, and presented at the Annual 
Meeting, New York, N. Y., December 2-6, 1940, of THE AMERICAN 
Socipry or MecHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


pact resistance. Complete physical-test results on the heat- 
treating series are shown in Table 1. 

Figs. 1 to 5, inclusive, present graphically the effect of heat- 
treatment on the physical properties at room temperature. Of 
these, Figs. 1, 4, and 5 show the effect of draw temperature on 
elastic limit, impact strength, and elongation, respectively. 

While all of these charts indicate definite trends, perhaps the 
most striking is Fig. 2, which shows a definite optimum quenching 
temperature of 1650 F for the highest Charpy strength, regardless 
of the rate of cooling. Transposing these same data to show rela- 
tionship between elastic limit and Charpy impact strength, as in 
Fig. 3, it will be observed that impact strength increases with in- 
crease of cooling rate in the quench and that there is a parallelism 
between the results obtained with the Charpy specimen and with 
the 60-deg V-notch specimen. The standard keyhole specimen is 
10 mm square and 50 mm between bearing points. The notch 
exactly cuts the specimen in two, leaving a net section which is 
5mm by 10mm. The V-notch impact-test piece is the same size 
as the standard keyhole Charpy specimen, but with a 60-deg 
sharp notch and a net area of cross section which is the same as 
that of the standard keyhole Charpy. This type of specimen 
was used for testing bolting material for two reasons, i.e., the 
type of notch closely approximates in shape the American Na- 
tional Standard thread, and the net section of the specimen, being 
the same as that of the keyhole specimen, facilitates comparison. 

Standard keyhole Charpy and 60-deg V-notch impact tests 
were also made at various temperatures up to 1000 F. Results 
are shown in Fig. 6. It will be noted that this material is not 
sensitive to notches at high temperatures. 

In order to try the effectiveness of heat-treatment in the larger 
sizes of stock, physical tests were made on specimens taken from 
points at different distances from the center of a 6%/,.-in-diam 
bar of composition and heat-treatment as shown in Fig. 7. The 
elastic limit of these specimens varied from 105,000 psi on the 
center specimen to 110,000 psi on the outer specimen, as shown 
graphically in Fig. 7. The dilatation curve Fig. 8 shows linear 
change under heating and cooling. 


Creep TEsts 


A program of creep testing was started prior to the heat-treat- 
ing investigation. Table 2 shows the chemical composition and 
heat-treatment of the creep specimens, and Table 3 contains the 
“before-creep” and “after-creep” physical properties. A sum- 
mary of results of creep tests at various test temperatures is 
given in Table 4. All creep tests were relaxation tests made by 
the step-down or ‘“‘flow-rate” method,? the total elastic plus plas- 
tic extension being limited to 2 mils per in. 

Log-log stress-time plots were made for each item, also log-log 
stress-creep rate. Figs. 9 to 14, inclusive, show these results. 

Micrographs at 1000 were made on items Nos. 863 to 870, 
inclusive, showing the structures before and after creep tests at 
950 and 1000 F, Figs. 15 to 18, inclusive. There is no appreciable 
change in any of the specimens except the air-cooled item No. 864, 
Fig. 15, which had 2545 hr under stress at 1000 F. The after- 


2For a more complete description of this method, see Progress 
Report by Subcommittee for Project 16 of the A.S.M.E.-A.S.T.M. 
Joint Research Committee on the Effect of Temperature on the Prop- 
erties of Metals entitled, ‘‘The Resistance to Relaxation of Materials 
at High Temperature,” by Ernest L. Robinson, Trans. A.S.M.E., vol. 
61, 1939, pp. 543-554. 
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TABLE1 PHYSICAL PROPERTIES AT 70 F FOR HEAT-TREATING 
TESTS 
(All stresses in pounds per square inch) 
TENSILE [ELASTIC | ELONG IMPACT- FT. LB. 
Wor BEEN STRENGTH] LIMIT _|IN21N.% [ CHARPY [V-NOTCH 


| | IS60F. BHR.AC,IIIOF. 4HR.FC. | 140600]101000 


2 | IS560F. 8HR.AC,IZOOF4HR.FC. | 129400] 77000 
3 | IS6OF. BHR.AC,I290F.4HR.FC. | 100900] 65000 
4 | IS60F. 8HR.OQ,I1!0F 4HR.FC. | 150900] 104000 
5 | IS60F. 8BHR.OQ,I2Z00F.4HR. FC. | 134600] 104000 
6 
if 
8 


IS60F. 8HR.OQ,I290F.4HR. FC. | 105100} 74000 
1650 F. 8HR.AC,II OF 4HR. FC. | 146600} 101000 
1650 F.8 HR.AC.,|200F.4HR.FC. | 133400] 98000 
9 | KS5OF SHR.AC,IZ90F4HR.FC. | 105100] 74000 


10 | I650F. BHR.OQ,I11OF4HR. FC. 
11 | I650F. 8HR.OQ,1I200F.4HR. FC. 


159 100] | 10000 
141600] 107000 


12 | 1650 F. BHROQ,I290F.4HR.FC. | 106100} 74000 
13 | I650F, SHR.WQJ1IOF4HR.FC. | 143700 107000 | 
14 | I650F. 8HR,WQ,I200F.4HR. FC. | 135200] 104000 


126900] 95000 
114400} 86000 


1650 F. 8BHR.WQ,1245 F.4HR. FC. 
1650 F. BHR.WQ,1290 F.4HR. FC. 
1740 F. 8HR.AC.,11 |OF.4HR.FC. | 156 100} 107000 
I740F. BHR.AC.,I200F4HR.FC. | 144100] 104000 
I740F. BHR.AC. I290F4HR.FC. | 113900] 83000 
I740F. BHR.OQ,|11OF 4HR.FC. | 174400] 116000 
I740F, 8BHR.OQ.,J200F.4HR. FC. | 154600] 113000 
I740F. 8HR.OQ.,I290F.4HR.FC. | 114100] 83000 
I920F. BHR.AG,IIIOF.4HR.FC. | 168600] 107000 
1920 F. 8HR.AC,,I200F.4HR-FC. | 154900] 104000 
1920F. BHR.AC.I290F 4HR.FC. | 120400] 83000 
1920 F. 8HR.OQ,I1 OF 4HR.FC. | 184800] 113000 
1920F. BHR.OQ.,|200F.4HR.FC. | 170600] 116000 
1920F. 8HR,0O.J290F4HR.FC.| 118600] 83000 


HEAT TREATMENTS MADE ON 4 IN. DIAM. BAR. 
CHEMICAL COMPOSITION -0.45C., 0.99CR.,0.35MO.,0.26V.,06/ MN.,0.32 SI. 
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(Chemical composition: 0.44 C, 0.53 Mn, 0.22 Si, 0.97 Cr, 0.31 Mo, 0.25 V, 
0.012 P, 0.018 S. Heat-treatment: 1650 F for 8 hr, oil-quenched; 1250 F 
for 4 hr, air-cooled.) 
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TABLE 2 COMPOSITION AND HEAT-TREATMENT OF CREEP 
SPECIMENS 


HEAT TREATMENT 


[022 |I740F BHR, OQ,1200F -2 HR. FC. | 
022|1740F BHR. AC.,I200F -2 HR. FC. 
022 |174 OF BHR. AC, I200F - 2HR. FC. 
lO32/I700F. 2HR, AC,,|18OF- 2HR. FC. 
0.32 |I650 F. 8HR. O2.,|200F -8 HR. FC. 
O32 |I650F. BHR. 0Q,|200F.- BHR. FC. 
032 |I650F BHR. WQ,1250F-4HR.FC. 
[032 [I700F 2HR. AC..IISOF-2HR.FC. 
32 |IG5OF.8HR. 00,!200F- SHR FC. 
032 |I65OF. BHR 0Q,!200F - 8HR.FC. 
10.32|1650 F. BHR. WO.I250F - 4HR.FC. 


* HEAT TREATED HALF SEGMENT OF 41N. DIAMETER BAR. 


TABLE 3 PHYSICAL PROPERTIES AT 70 F OF SPECIMENS 
BEFORE AND AFTER CREEP TEST 


TENSILE |ELASTIC | ELONG RED A. | CHARPY |MOO OF ELA‘ 
DEGF | HOURS | CONDITION | STRENGTH INZIN%| % ; > 
BEFORE GREEP | 192600 j 
7 
932 | 3375 [ATER GREEP| 183000 
BEFORE CREEP | 159000 12.8 
2 70 
932 | 3870 [arTeR CREEP | 163000 ' Sirois cs 
BEFORE CREEP | 147400 13.8 
387 
Sic AFTER CREEP 15.1 Ashe 
2503 [BEFORE CREEP (Small sae wanes 
AFTER CREEP 11.7 | 
BEFORE CREEP 33.7-36)| 
2503 [AFTER CREEP 34160 527 00000 
BEFORE CREEP [131900 | 95000 29.9 
734200 [100000 25.6 {27800000 
41.0 
$9 127200000 
19.5 
1-3_|21400000 
337361 
Sy {2 1500000 
23.9 


25.6 22500000 
41.0 

2070000 
3e1 100 00 


TABLE 4 CREEP-TEST RESULTS 
(All stresses in pounds per square inch) 


SLOPE ON SLOPE ON 
RATE-STRESS|TIME - STRESS 
‘|LOG-LOG 
27070 7.0 
28700 
29700 
21960 
18300 
22480 
18000 
13800 
11400 
13460 
9200 
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(Specimen heated in 1 hr to maximum temperature, held 1 hr, then furnace- 
eocied at 240 F per hr. Chemical See ceattion: _ 0.45 C, 0.99 Cr, 0.45 Mo, 
0.26 V, 0.61 Mn, 0.32 Si.) 
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creep specimen shows an apparent increase in ferritic areas due to 
carbide spheroidization and migration of carbon to the grain 
boundaries, resulting in considerable loss in the initially low 
Charpy strength. 

It is recognized that creep strength falls off as the quenching 
rate increases, but the Charpy impact strength increased with the 
higher quenching rate. The oil-quenched treatment finally 
selected for commercial bolting is a compromise between creep 
strength and Charpy impact strength, sacrificing slightly in creep 
strength to provide much greater impact strength and, in addi- 
tion, greater structural stability. 


Rupture TEsts 


Long-time rupture tests? were made at 900 and 1000 F on ma- 
terial like creep-test item No. 866, which had been oil-quenched 
and drawn. In running a long-time rupture test, a series of bars 
is pulled at successively lower stress, and periods of sojourn at 
high temperature, required to cause failure, are plotted on log-log 
paper to enable prediction of a long-time strength. At 900 F, 
the fractures were always transcrystalline, the longest time for 
fracture being about 5000 hr under 60,000-psi stress. At 1000 F, 
the fractures were transcrystalline up to 1200 hr, with the first 
intercrystalline failure occurring at 3400 hr. 

Comparative tests made on normalized material, like creep-test 
item No. 864, showed transcrystalline failure up to 140 hr and 
intercrystalline failure at 310 hr. 

These rupture tests are conducted like regular constant-stress 
creep tests so that elongation-time plots, as well as stress-time 
plots, can be made. 

Plotted results of rupture tests at 900 F on oil-quenched and 
drawn material are shown in Fig. 19 and at 1000 F in Fig. 20. 
Results of rupture tests on normalized material at 1000 F are 
shown in Fig. 21. 


CORRELATION OF CREEP AND RUPTURE TEstTs 


Fig. 22 shows the results of creep and rupture tests in relation 
to each other, comparing the creep rate of 1 per cent per 100,000 
hr to the 100,000-hr rupture strength, as determined by extrapo- 
lation of the observed data. Structural changes in the ma- 
terial beyond the time of longest test may change the results but 
that is a matter of conjecture. It will be noted that the ratio 
between creep strength and rupture strength is greater in the case 
of the normalized material than for the oil-quenched material, but 
this is quite possible because of structural difference and is a 
metallurgical phenomenon which is hard to explain at the present 
time. 5 

After a larger number of comparative creep and rupture tests 
have been made, perhaps something more definite can be deter- 
mined in this creep-rupture relationship, but it is the belief of the 
author that changes of heat-treatment, differences in melting 
practice, and even slight changes in some alloying elements in the 
composition, will greatly affect the ratio of creep strength to 
rupture strength. 

Harpness TEsts 


Tests were made to determine the effect of time and tempera- 
ture on the hardness of chromium-molybdenum-vanadium bolt 
material. The composition of the bar tested was carbon 0.45, 
chromium 0.98, molybdenum 0.35, vanadium 0.27, manganese 
0.57, and silicon 0.28. 


3 For a more complete description of methods of running long-time 
rupture tests refer to “The Fracture of Carbon Steels at Elevated 
Temperatures,’ by A. E. White, C. L. Clark, and R. L. Wilson, 
Trans. American Society for Metals, vol. 25, September, 1937, pp. 
863-888; also ‘Fracture of Steels at Elevated Temperatures After 
Prolonged Loading,” by R. H. Thielemann and E. R. Parker, Metals 
Technology, April, 1939, Technical Publication No. 1034. 
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Fic. 15 


Microcrapus SHOWING CreEp-Test Items Nos. 863 anp 864 Brrorr Creep, No. 863 Arrer Creep at 950 F, anp No. 864 


AFTER CreEP aT 1000 IF 
(Heat-treatment before creep test, air-cooled from 1700 F and drawn at 1180 F; etched with 5 per cent nital; 1000.) 


Fra. 16 Mrcrocrarus SHOw1ING Creup-Trst Items Nos. 865 AND 866 Berorr Crenp, No. 865 AFTER Creep at 950 F, anp No. 866 
Arrrer Crenp at 1000 F 
(Heat-treatment before creep test, oil-quenched from 1650 F and drawn at 1200 F; etched with 5 per cent nital; 1000.) 


Three bars, 31/15 in. diam, were oil-quenched after 8 hr at 1640 
F. Rockwell B hardness tests were then made. The bars 
which were identified as bars A, B, and C were then drawn at 
1110, 1200, and 1290 F, respectively. After a 4-hr draw, a quar- 
ter segment was cut from each for complete physical tests. The 
draw was then resumed. At the end of 129 hr, a second quarter 
segment was taken from bar C. At 291 hr, a second quarter was 
taken from both bars A and B, and a third quarter from bar C. 
At 1000 hr, another segment was taken from each bar, completely 
using up bar C, and leaving a final quarter of bars A and B, which 
were re-treated with the initial quench, followed by the 4-hr draw. 
Results of physical tests made throughout this investigation are 
shown in Table 5. It will be noted that the elastic limit on the 
re-treated specimens is considerably higher than that obtained in 
the initial heat-treatment. This is due mostly to size effect. 
The initial heat-treatment was made on a 3-in-diam bar and the 


TABLE 5 PHYSICAL PROPERTIES AT ROOM TEMPERATURE 


FOR HARDNESS-TEST SERIES 
(All stresses in pounds per square inch) 


TENSILE | ELASTIC | ELONG IMPACT FT. LB 


RED. A. RR 
STRENGTH} LIMIT |IN 2IN.% % 


ITEM 
T 
No HEAT TREATMEN 


I650F BHROQ. 


+ —-— + 

I650F BHROQ,IIOF 4HR.FC. 1163200 | 123000 | 16.0 S\.8 
1650 F 8HR.0Q, IIIOF 29IHREC. | 128 900 110200] 19.0 58.1 
I650F 8HROQ,IIIOF IOOOHRFC| 116200 | 100400 | 21.0 | 59.8 


1650F BHR OQ, IIIOF IOOOHRFC, 
I650F BHROQ,IIOF 4 HR FC. 


1650F 8HROQ,I200F 4HRFC. | 137200 
I6SOF 8HROQ, I2Z00F 291 HR.FC.| 103 400 
1650F BHROQ, I2O0F IOOOHR.FC| 97400 | 


I650F 8HR.OQ,, |2OOFIOOOHR.FG 
I650F 8HR.0Q, |200F 4 HR_EC. 


1650F SHROQ, 1290E 4HR FC. | 118500 
1650F 8HR.OQ, 290 F129 HR FC| 97400 
1650F SHROQ, I290F 29IHRFC| 69900 | 75700 | 265 | 546 201-182| 60-80 
1650F BHROQ, IZ90FIOCOHRFG 80900 | 70400] 275 | 48.6 128-134) | 


BAR STOCK-3" DIAM. CHEMICAL COMPOSITION - 0.45¢C.,0.98CR,0.35 Mo,O 27 V., 0.57 Mn, O28 Si 


145400 | 160 
113200 
85400 


85400 | 25.0 


143900 
95200 | 22.0 | 630 
84700 | 28.5 | 63.0 


231-221 


91.5 


final treatment on a quarter segment of the 3-in. bar. Some im- 
provement might also be caused by diffusion which broke up the 
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Fia. 17 


MicroGRAPHs SHOWING CreEP Test Items Nos. 867 anp 868 Barorp Creep, No. 867 Arrer Crenp at 950 F, AnD No. 868 


A¥rTEeR Creep aT 1000 F 
(Heat-treatment before creep test, oil-quenched from 1650 F and drawn at 1200 F; etched with 5 per cent nital; 1000.) 


Fra. 18 MrcrocrarHs SHowinc Crunp-Trst Items Nos. 869 anp 870 Brrore Creep, No. 869 Arrer Creep aT 950 F, anp No. 870 
AFTER CREEP AT 1000 F 


(Heat-treatment before creep test, water-quenched from 1650 F and drawn at 1250 F; etched with 5 per cent nital; X 1000.) 


original banded condition. Fig. 23 shows graphically the effect 
of draw temperature and time upon the elastic limit. At the end 
of 1000 hr, the structural differences for the three drawing tem- 
peratures are reflected in the relative values of elastic limit. 

Micrographs showing structural changes were made for each of 
the three draws after 4, 481, and 1000 hr. These are shown in 
Fig. 25. Referring to Table 5, it will be noted that, in the com- 
pletely spheroidized state, as shown in micrograph C-1000, the 
minimum Charpy value is 13.3 ft-lb. Note also that the Charpy 
strengths of C-4 and B-481 are the same, though B-481 is par- 
tially spheroidized. 

Another interesting thing to note is the effect on impact 
strength of the different draw temperatures, which is shown 
graphically in Fig. 24. The plotted results of the hardness tests 
are shown in Fig. 26. 

As this is a precipitationttardening material, Rockwell B hard- 
ness tests were made at intervals in an effort to determine the 
elapsed time for precipitation-hardening at the various draw 


temperatures. It will be noted that for the 1110 F draw, there 
are three periods of precipitation-hardening shown, the first 
occurring in 4 hr or less. This first period does not show in the 
1200 and 1290 draws because it was over before 4 hr had elapsed 
and softening had begun. These three periods may be caused by 
each of the three alloying elements, chromium, molybdenum, and 
vanadium combined with carbon or even other more complex 
carbides. 


CONCLUSION 


This series of tests might be extended indefinitely and the 
results qualified to some extent. Different sizes of bar stock will 
show a difference in creep and rupture strengths and of course the 
physical characteristics will vary. Since these tests were made on 
4-in-diam material, it is assumed that the results are applicable 
to large sizes of bolts, but any variation in properties of smaller 
sizes is safely covered in allowable working stresses. 

(Figs. 19-26 follow on pages 661 and 662) 
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Fig. 20 Lone-Time Rupture Tests Sprites B7B: Piors SHow1nea 
Srress Versus Time To RuprurRE AND ELONGATION VERSUS TIME 


Fig. 19 Lonc-Time Rupture Test, Series B7B: PLots SHOWING 
Srress Versus True To RuprurRE AND ELonGaTION VERSUS TIME 


CuRVES C 
\ (Test temperature 900 F; material oil-quenched and drawn like creep-test ; EVES L é 
J item No. 866; refer to Fig. 12.) (Test temperature 1000 F; material oil-quenched and drawn like creep-test 


item No. 866; refer to Fig. 12.) 
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\ Fig. 21 Lone-Time Rupture Test SERIES B7A: Piots SHOWING Fic. 22. Comparison or Creep anp Ruprure STRENGTHS IN OIL- 
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° ee) here Fria. 24 Errect or Drawing TEMPERATURE ON KuyHoLe CHARPY 
Phe ee Impact STRENGTH 
Fic. 23 Erracr or Drawina TEMPERATURE ON Exastic Limit (Heat-treatment before draw, 1650 F for 8 hr, oil-quenched. Refer to 


Heat-treatment before draw, 1650 F for 8 hr, oil-quenched; refer to Table 5.) Table 5.) 
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TEST SERIES, A 


Ca SEN 


TEST SERIES, C 
Fie. 25 MrcroGrapas SHOWING STRUCTURAL CHANGE IN MarmriaAu, OrL-QUENCHED FoR 8 Hr, From 1650 F, FoLttowEp By VARIOUS 
DRAWING TEMPERATURES, SPECIMENS UNSTRESSED, X 1000 
(cones A was drawn at 1110 F; items Nos. A-4, A-481, and A-1000 had 4, 481, and 1000 hr, respectively. Series B was drawn at 1200 F; items Nos. 


4, B-481, and B-1000 had 4, 481, and 1000 hr, respectively. Series C was drawn at 1290 F; items Nos. C-4, C-481, and C-1000 had 4, 481, and 
1000 hr, respectively.) 


Fic. 26 (Riegur) Errect or Drawinec Time AND TEMPERATURE ON 
RockwE.Lut B HARDNESS 


(Heat-treatment before draw, 1650 F for 8 hr, oil-quenched. Chemical composi- 
tion: 045 C, 0.98 Cr, 0.35 Mo, 0.27 V, 0.57 Mn, 0.28 Si. Refer to Table 5 for 
physical properties at start and after various draw times ) 


HARDNESS - ROCKWELL B 


ie} 200 400 600 800 1000 
TIME - HOURS 
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Discussion 


A. J. Herzict anp R. L. Witson.’ The author has directed 
attention to several aspects of the selection of bolting steels for 
high-temperature service which are not generally appreciated. 
Certainly there is slight agreement as to what constitutes an 
acceptable standard for judging the merits of a high-temperature 
bolting steel, but there is a growing realization of the many com- 
promises which may have to be made in the choice of a material 
for a particular application. 

The problem in searching for a good high-temperature bolting 
steel is to find a material having high strength at elevated tem- 
peratures combined with high room-temperature elastic strength, 
stability on heating, satisfactory notch toughness, and good 
machinability. It is also important to obtain these desirable 
properties in the heat-treatment of sizes ranging from 1/; to 4 in. 
or more with consistent uniformity both in the section treated 
and from lot to lot. High temperature strength would mean 
either the reluctance to relaxation of stress for a fixed strain 
or would be measured by the creep strain under constant 
stress. 

From the rather meager data available it would seem that the 
constant-stress tests show somewhat higher relative strength val- 
ues for air-treated as against quenched steels than are reported 
in the relaxation tests. This may be due to a persistent effect 
of a high initial rate of straining in the down-step test. At any 
rate there is ample evidence, supported by this paper, to indicate 
a preference for air-treated bolting steels to obtain best high- 
temperature strength were it not for the variation of room-tem- 
perature mechanical properties when the same heat-treatment 
is applied to a range of sizes. 

We are now aware that seemingly small changes in micro- 
structure can cause significant differences in mechanical proper- 
ties, particularly the notch toughness and creep of steels. The 
microstructure and related properties will thus be changed by 
variations in chemical composition of the steel and by the rate 
of cooling in different sizes and media. For any preferred micro- 
structure, the problem thus becomes one of hardenability of the 
steel. The hardenability of the steel can be changed by suitable 
adjustments in the chemical composition to produce the desired 
microstructure and associated properties by any kind of heat- 
treatment. 

Since the normalizing and tempering treatment gives the high- 
est strength at elevated temperatures, bolting materials should 
preferably be heat-treated in this manner by adjusting the com- 
position to give a good compromise of room-temperature elastic 
strength and notch toughness, depending upon the sizes involved. 
Best all-round results will be achieved by using a normalizing 
temperature below the coarsening range, and increasing the hard- 
ening elements in the steel as section size increases. This might 
be handled commercially by selective application of steels to 
several size ranges. : 


J. J. Kanrer.® The bolting steel upon which the author re- 
ports his extensive and valuable data conforms to a composition 
which has been known since 1936, as grade B14.7_ The chemical 
requirements for B14 steel as established in A.S.T.M. Specifica- 
tion A193-40T are as follows: 


4 Climax Molybdenum Company, Canton, Ohio. 

5 Metals Engineer, Climax Molybdenum Company, Canton, Ohio. 
Mem. A.S.M.E. 

6 Research Laboratories, Crane Company, Chicago, Ill. Mem. 
A.S.M.E. ; 

7“Tentative Specifications for Alloy-Steel Bolting Materials for 
High-Temperature Service From 750 to 1100 F Metals Temperature,” 
A193-40T, American Society for Testing Materials, 1936. 
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Element Per cent 
Gar boninb withs ached ohio oiee teen enreetoce tt « 0.35 to 0.50 
Wian Zan Ose sak, ne ree risen eens 0.40 to 0.70 
IPHOSDNOLUSi Ewe soc cct tray eens ot scene ears hare 0.04 Maximum 
Sulphitirwtan cece ote eh ee om eran aes 0.05 Maximum 
BTliCOMG se ya cicccecaeiee aaron sara arse cece 0.15 to 0.30 
Chroma eee eer ee eet 0.80 to 1.10 
Moly baenunih «aspen aes atl Aes 0.30 to 0.40 
WAN ACIUIM ot. areca erie aisle sizisl att oa 0.20 to 0.30 


Minimum tensile requirements established for normalizing 
heat-treatments for sizes up to 21/, in. diam and various draw 
temperatures are given in Table 6. 


TABLE 6 MINIMUM TENSILE REQUIREMENTS FOR NORMAL- 
IZING AND VARIOUS DRAW TEMPERATURES 


Minimum Tensile Yield Elongation Reduction 
draw temp, strength, strength, in 2 in., of area, 
F psi psi per cent per cent 
1000 145000 120000 14 45 
1100 135000 115000 15 45 
1200 125000 105000 16 50 


The properties obtained upon this steel, utilizing an air quench 
or normalize followed by a draw at 1200 F, are particularly nota- 
ble as representing the class C physicals of A.S.T.M. Specifica- 
tion A96-39, which have long been recognized as desirable in high- 
strength bolting materials. This steel B14 was introduced into 
general high-temperature use upon the discovery that it re- 
sponded to the normalizing treatment in such a manner as to 
attain exceptional creep and relaxation resistance at high tem- 
peratures and yet possess the high elastic strength implied for 
class C A96-39, i.e., 105,000 psi minimum yield strength. 

Numerous alloy bolting steels were found which developed good 
creep strength upon normalizing and drawing at 1200 F (the 
lowest draw permissible for 1100 F service according to Spec. 
A193), but which failed to attain the elastic strength so essential 
to a good bolting steel. The chromium-molybdenum-vanadium 
composition was found to respond to tempering after normalizing 
in an entirely different manner from a chromium-molybdenum 
steel of equivalent composition but without a vanadium content. 
The B14 composition was found actually to increase in hardness 


Hardness, 


---—— Curve 1 —- Decomposition of the martensite 


——— Curve 2 — Precipitation hardening 
caused by special carbides 


= Curve 3 — Tempering Curve 
of a Vanadium Steel 


— 


el 


Fic. 27. Diacram REPRESENTING SUPERPOSED PHpNOMENA WHICH 
Occur on TrmMPERING VANADIUM STEEL QuENCHED From HicH 
TEMPERATURE? 


upon drawing at 1200 F. Whereas, its “‘as normalized” hardness 
might be about 280 Brinell upon tempering at 1200 F, this in- 
creased to about 300 Brinell. This effect has been explained for 
vanadium steels by Houdremont, Bennek, and Schrader’ as being 
due to precipitation hardening caused by separation of special 
carbides. Usually an air-hardening steel progressively softens 


8 “Hardening and Tempering of Steels Containing Carbides of Low 
Solubility, Especially Vanadium Steels,” by E. Houdremont, H. 
Bennek, and H. Schrader, A.I.M.E. Technical Publication No. 585, 
Class C, Iron and Steel Division, 1934. 
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upon tempering due to the decomposition of martensite. Air- 
quenched B14 steel, however, seems to be hardened by a precipi- 
tation process which overcomes the softening tendency due to 
martensite decomposition, schematically illustrated in Fig. 27 of 
this discussion. 

In Fig. 8, the author shows a,dilation curve for the furnace cool- 
ing of the steel at 240 F per hr. This curve does not give a rep- 
resentative picture of the cooling transformations of this steel at 
the cooling rates obtained in the size of sections used for bolts 
when air-cooled. The author’s curve, Fig. 8, shows complete 
transformation at Ar’, which represents a completely pearlitic 
structure, whereas, in the air-cooling of sizes up to 21/» in, diam, 
the rate is usually rapid enough at least partially to suppress the 


LOCATION OF TEST PIECES 


SS 


r= 


eee) 


. 


MARKING CODE 


Diameter of Stock On 3.50" diameter only (D) 


A, E 0.75" Letter-Location of test piece 
B, F 1.25" O Outermost portion 
c,G 2eept M Midway, edge to center 
Dd, 3.50" C Center 
Letter Type of Quench Number Draw Temperature 
N Normalize ie) 1000° 
io} 041 Quench 1 1100° 
ce 1200° 
3 1300° 


Fic. 28 Errnct or DRAWING TEMPERATURE, SIZE OF SPECIMEN, 
AND TYPE OF QUENCH ON PuHysIcAL CHARACTERISTICS OF B14 Bo.trt- 
ING STEEL 


transformation to Ar’’ with formation of some martensite. A 
complete investigation of the critical cooling rates of B14 steel is 
presently under way at the Crane research laboratories which 
have so far demonstrated that oil quenching in the steel is not, 
in any but the large diameters, necessary to effect an Ar” trans- 
formation. 


TABLE 7 CHEMICAL ANALYSES OF TEST SPECIMENS 


Analysis Diameter, C, Cr; Mo, 
no. in. Marking per cent percent per cent per cent 

259391 0.75 A 0.35 0.95 0.35 0.32 
259392 eas B 0.36 0.94 .32 25 
259393 2E25 Cc 0.45 0.94 0.32 0.26 
259394 3.50 D 0.39 0.97 0.29 0.28 
260325 0.75 E 0.38 0.95 0.36 0.25 
260326 1,25 F 0.37 0.92 0.35 0.25 
259394 2,25 G 0.39 0.97 0.29 0.28 
258440 0.75 382 0.38 0.94 0.35 0.26 


ABLE 8 HARDNESS OF SAMPLES IN QUENCHED CONDITION 


Hardness 


VPN/30 Bhn 

Sample Type of quench Skin Core Skin Core 
A-0.75 in. Normalize 312 311 309 302 
A-0.75 in Oil-quench 560 490 514 477 
B-1.25 in Normalize 307 308 297 302 
B-1.25 in Oil-quench 465 400 465 363 
C=2.25 in. Normalize «* 326 321 332 311 
C-2.25 in, Oil-quench 470 432 461 dete 
D-3.50 in. Normalize 265 251 260 246 
D-3.50 in. Oil-quench 320 315 321 321 
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EFFECT OF DRAWING TEMPERATURE, SIZE OF 
AND NORMALIZING ON PHYSICAL CHARACTER- 
ISTICS OF B14 BOLTING STEEL 


NORMALIZED 


TABLE 9 
SPECIMEN, 


TSNSILE 
See esl 


REDUCTION 
OF AREA 


101,500 19.0 56. 


TABLE 10 EFFECT OF DRAWING TEMPERATURE, SIZE OF . 


SPECIMEN, AND OIL QUENCH ON PHYSICAL CHARACTER- 


ISTICS OF B14 BOLTING STEEL 


TENSILE YIELD se E ELONG. | REDUCTION] CHARPY 
ae STRENGTH ea nenase LIMIT IN’ A] OF ARKA | IMPACT HARDNESS 
ee P.S.I. £ EI B YPN /3Q 


It has been interesting to correlate the author’s information on 
B14 steel with other data and to study the effect of size of section 
upon the physical properties obtained both from the air-cool and 
oil-quench treatments. Particularly, in the case of air cool, 
where proper results are dependent upon exceeding a critical 
cooling rate, is it necessary to consider carefully the effect of size 
of section. An investigation has been made at the Crane re- 
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search laboratories upon the effect of drawing temperature and 
size of specimen for both oil quench and air cool. Specimens of 
3/, in., 1/, in., 21/4 in., and 31/2 in. diam were investigated for 
tensile properties, hardness, and Charpy impact after 1-hr draw 
at 1000, 1100, 1200, and 1300 F, one set of specimens being cooled 
in air from 1675 F, the other quenched in oil from 1550 F. Test 
specimens were located in the sections as illustrated in Fig. 28 
of this discussion. The chemical analyses of the materials used 


-) are given in Table 7. 


The hardness of some of the samples in the quenched condi- 
tion was recorded and a tabulation of these figures is given in 
Table 8. 

The results of the tests are given in Tables 9 and 10. 

In attempting a comparison of Crane results with the author’s, 
a rather notable difference in material investigated becomes ap- 
parent. Whereas, the author’s bars all had carbon contents of 


, either 0.45 or 0.46 per cent, all Crane material with the exception 


of analysis No. 259,393 had a carbon content covering a range of 
0.35 to 0.39 per cent. Fig. 29, which summarizes both G.E. and 
Crane results for Charpy impact strength as a function of di- 
ameter of bar, reveals notable dips in the general trends of the 
curves at G.E. points, these dips are probably attributable to the 
higher carbon content. This observation is substantiated by 
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Fig. 30, in which a number of Charpy impact results are plotted 
as a function of carbon content. In Fig. 30, it may be observed 
that 1675 F air quench and 1200 F draw show a minimum Charpy 
value of 20 ft-lb for 0.37 per cent carbon, while 0.45 per cent 
carbon shows a minimum Charpy of 10 ft-lb. 

That 0.37 per cent carbon is sufficiently high to obtain the 
desired class C elastic strength with air-cooling treatment in 
diameters up to 21/2 in. is shown by the analysis of elastic-limit 
data in Fig. 31. Only in diameters as large as 31/2 and 4 in. does 
0.45 per cent carbon appear warranted, if the purpose is to retain 
elastic strength. Experience has shown that no difficulties, due 
to insufficient impact strength, are encountered if the carbon 
content of B14 steel is kept in the range of 0.35 to 0.4 per cent. 
The wide range of 0.35 to 0.5 per cent in Specification A193 was 
so set to permit the selection of a carbon content compatible 
with the air-hardening character of the various diameters of 
bars. However, since it is clear that nothing useful is gained by 
high carbon in sizes up to 21/2 in. diam, and that the Charpy im- 
pact suffers so markedly from high carbon, care must be taken 
to select the proper carbon range within the specification range. 

Fig. 2 of the paper shows that the temperature of quench 
exerts an important influence on impact strength. The impor- 
tance of this factor is even greater than might be concluded from 
Fig. 2, if we consider the data available for material having a 
1200 F draw. In Fig. 32 of this discussion, G.E. data are given 
for 0.45 and 0.46 per cent carbon B14 steel together with Crane 
data for 0.37 and 0.38 per cent carbon B14 steel. While the 4-in- 
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carbon, Charpy 26 ft-lb, A.S.T.M. grain 9; 


(c) (d) 
Fig. 33 Microstructure or B14 Stern, Arr-CooLepD AND Drawn AT 1200 F; X500 
{(a) Air-cooled from 1550 F, 8/s-in. rod, 0.38 per cent carbon, Charpy 39 ft-lb, A.S.T.M. grain 9; (b) air-cooled from 1675 F, 7/s-in. rod, 0.37 per cent 


(c) air-cooled from 1800 F, 7/s-in. rod, 0.37 per cent carbon, Charpy 19 ft-lb, A.S.T.M. grain 7; (d) air- 


cooled from 2000 F, 7/s-in, rod, 0.37 per cent carbon, Charpy 2 ft-lb, A.S.T.M. grain 5.] 


diam 0.45 per cent carbon ranges from 15 ft-lb Charpy for 1560 
F to 3 ft-lb for 1920 F air cool, the lower-carbon Crane material 
in 3/, in. and 7/3 in. diam ranges from 40 ft-lb Charpy for 1550 
F air cool to 2 ft-lb for 2000 F air cool. This comparison again 
indicates that, for almost any air-quenching practice, important 
gains in Charpy impact are to be expected by limiting carbon 
content to a range between 0.35 and 0.4 per cent. 

In Fig. 15 of the paper is shown the microstructure of steel 
air-cooled from 1700 F and drawn at 1180 F. However, in order 
to gain perspective on the effect of varying the air-cooling tem- 
perature on the microstructure and the physical properties, let us 
consider the photomicrographs of B14 steel with 0.37 to 0.38 per 
cent carbon at 500 diam, Fig. 33 of this discussion, representing 
the °/,-in. and 7/s-in-diam air-cooled from 1550 F, 1675 F, 1800 F, 
and 2000 F, respectively, and all drawn at 1200 F. As the air- 
cooling temperature increases, the austenitic grain size seems 
progressively to increase from about A.S.T.M. 9 for 1550 F and 
1675 F to A.S.T.M. 7 for 1800 F and finally to A.S.T.M. 5 for 
2000 F. Moreover, a definite tendency toward Widmanstitten 
structure has developed by heating to 1800 F and above, not 
apparent for 1675 F and below. These data would seem to 
suggest that between 1700 F and 1800 F there is an austenite 
grain-coarsening effect injurious to the impact strength and 
high-temperature rupture properties. Rupture tests were made 
upon 0.505-in-diam bars of the 0.38 per cent carbon, representing 
both fine and coarse air-cooling structures, by loading to 30,000 
psi at 1000 F with the following results: 


Time to 
fracture Total 
3000 psi_ elongation, 
Heat-treatment 1000 F, hr per cent 
Air cool 1675 F, draw 1200 F........ 2400 20.0 
Air cool 1800 F, draw 1200 F........ 830 0.5 


The author’s data for 0.45 per cent carbon steel having 1700 F 
air cool, 1180 F draw, tested to rupture at 1000 F for a similar 
time period show better than 10 per cent elongation. Thus, it 
appears that brittle rupture of B14 steel in the air-cooled condi- 
tion is only a hazard when heat-treating temperatures above 
the austenite-coarsening temperatures are used. There is good 
reason to believe that often times, where failure to achieve good 
results in the use of this and other alloy steels has been experi- 
enced, the failure may be attributable to the application of too 
high. normalizing temperatures. 


While through careful control of the heat-treatment and com- 
position of B14, thoroughly satisfactory properties at ordinary 
and high temperature can be attained, using a 1200 F draw tem- 
perature, there may be purposes for which greater toughness is 
desirable. As shown by Fig. 29 of this discussion, a 1550 F oil 
quench, followed by a 1200 F draw, gives some gain in the impact 
strength obtained through air-cooling treatment, but at a great 
sacrifice of creep and relaxation resistance. By retaining the 
air quench from 1675 F and increasing the draw temperature to 
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1300 F, the Charpy impact strength appears fully as good as for 
oil quench and 1200 F draw. Although the room-temperature 
elastic strength is somewhat reduced by the 1300 F draw (refer 
to Fig. 31), it is still high enough in sizes up to 2!/, in. diam to 
suffice for many bolting applications more than meeting A.S.T.M. 
A96 class B requirements. Fig. 34 illustrates the tremendous 
difference in relaxation time for 0.38 per cent carbon B14 steel 
at 932 F between 1675 F air cool, 1200 F draw treatment, and 
1550 F oil quench, 1200 F draw. While 1675 F air cool, 1300 F 
draw results in loss of relaxation resistance, it is clear that a 
distinct advantage over the oil-quenching treatment is main- 
tained. 

It is reassuring to note in Table 3 of the paper that creep speci- 
mens of B14 steel, tested at 950 and 1000 F, do not suffer appre- 
ciable loss of impact strength through high-temperature ex- 
posure, provided the original value exceeds 20 ft-lb Charpy. 
Although the results shown by the author which qualify were ob- 
tained by oil-quenching treatment, air-cooled B14, with carbon 
content not exceeding 0.4 per cent carbon, not only shows good 
impact strength as treated, but also after prolonged high-tem- 
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perature exposure, as attested by the following results on analysis 
No. 258,440, 3/,-in-diam, 0.38 per cent carbon, air-cooled from 
} 1675 F, 1200 F draw: 


Charpy impact, as heat-treated..............20.- 26.5 ft-lb 
Charpy impact, after 2000 hr at 900 F............ 27.0 ft-lb 
Charpy impact, after 1000 hr at 1100 F........... 33.0 ft-lb 


Artuur McCurcuan.? Some 20 years ago, investigations of 
' the tendency of bolts to become brittle in service at temperatures 
around 600 F led to the substitution of alloy steels for the mild- 
' earbon-steel, wrought-iron, and screw-stock bolts which had 
formerly been used. In the intervening years, investigations by 
English metallurgists!® showed nickel-chromium bolts (3 to 4 per 


| cent nickel, 0.75 per cent chromium) to be particularly suscepti- 


ble to embrittlement, as determined by reduction in impact 
strength. However, until the recent increases in power-plant 
) operating temperatures to around 900 F, breakage of alloy-steel- 
bolt studs was of infrequent occurrence in this country. 

During the last year, cases of bolt breakage or low impact 
values after service have been reported for the following bolting 
materials listed in A.S.T.M. Specification A193: 


Grade B4, nickel-chromium-molybdenum, SAH 4340 
Grade B7, chromium-molybdenum, SAE 4140 
Grade B11, tungsten-chromium-vanadium 

Grade B12, nickel-chromium, SAE 3140 

Grade B18, tungsten-molybdenum-chromium 

Grade B14, chromium-molybdenum-vanadium. 


Whether inherent lack of structural stability of the alloy bolt- 
ing materials at these higher temperatures or the more severe 
stress conditions imposed is responsible for this increase in bolt 
breakage is open to question. The additional stress imposed 
on bolts because of difference in temperature between the body 
of the flange and the bolts during warming up periods is, of 
course, greater with a 950 F line temperature than with 750 F. 
This is true because of (1) the higher temperature gradient es- 
tablished between the inner flange mass and the bolts; and (2) 
the greater rigidity of the flanges necessary for the higher tem- 
perature. 

While agreeing that notch impact values should be as high 
as can be obtained consistent with other properties, the writer 
has observed cases where bolts with Charpy V-notch values 
of only 8 to 12 ft-lb, but with extremely high tensile, yield, and 
creep strengths, have given the best service in keeping certain 
experimental joints tight. Incidentally, had the author used the 
) A.S.T.M. standard V-notch Charpy specimen rather than the 
keyhole Charpy and the special deep-notched specimen, his 
results would have been more directly comparable with those of 
other investigators. 

The difference in impact values found for the specimens, rep- 
resented by items 837 and 838 in the author’s Table 3, illustrates 
the difficulty of drawing conclusions from a limited number of 
impact tests. According to Table 2, the diameter of stock, com- 
position, and heat-treatment of these two items were identical, 
yet item 837 showed a drop in Charpy keyhole impact from 12.8 
to 3.79 ft-Ib after 3870 hr at 932 F while item 838 showed an in- 
crease from 13.8 to 15.1 ft-lb. It occurs to the writer that the 
value of 3.79 ft-lb might be an error in decimal point since this 
appears to be the only impact value reported to the hundredths 


9 Engineer, Engineering Division, The Detroit Edison Company, 
Detroit, Mich, Mem. A.S.M.E. 

10 “The Effect of Time and Temperature on the Embrittlement 
of Steels,” by A. M. McKay and R. N. Arnold, Engineering, vol. 143, 
Dec. 15, 1933, p. 647; also, ‘“‘Embrittlement of Steels at High Tem- 
peratures,”” by H. A. Dickie, Engineering, vol. 143, Aug. 4, 1933, 
p. 108. 
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place. Because of discordance in usual impact results, reporting 
values even to tenths of foot pounds implies an accuracy of re- 
producing results that is of doubtful justification. 

The question of bolting performance is receiving increased at- 
tention at this time and the author’s correlation of impact and 
creep properties for this one bolting material should stimulate 
further study of this and other types. The free interchange of 
such results is of great assistance in the selection of suitable bolt- 
ing materials. 


J. S. Worru.!! In presenting the results of so many high- 
temperature tests on a single bolting steel, the author has pro- 
vided at least a partial answer to some of the most important 
questions arising from the use of high-temperature steel. Al- 
though the data are so varied in character that generalizing is not 
possible, the following more or less related trends may be dis- 
cerned. 

A.S.T.M. Specification A-193 requires that the tempering tem- 
perature exceed the nominal operating temperature by at least 
100 F. This was written in to insure stability of structure and 
properties of the steel during its service life. The minimum dif- 
ferential was set at 100 F because experience with a number of 
high-temperature steels showed it to be adequate. 

The author’s study of the chromium-vanadium-molybdenum 
steel indicates that a 100 F spread may not make it stable. 
Photomicrographs and impact tests of items 863 and 864 reveal 
an unmistakable change occurring in only 2500 hr at 1000 F, 
although the steel had been drawn at 1180 F, 180 F above the 
test temperature. Does this mean that the minimum differen- 
tial of 100 F may be too small for most bolting steels, or that 
this steel is more difficult to stabilize, or merely that it was not 
held long enough at the tempering temperature? 

We believe that the question will bear further study because 
of its importance. There is slight agreement as to how much 
statie tensile strength, notch impact resistance, rupture, and 
creep strength are necessary in high-temperature steels, but the 
desirability of maintaining the original properties of a material 
throughout its term of service cannot be questioned. 

Although for stability this steel may require tempering at a 
temperature very substantially over the service temperature, it 
is capable of maintaining satisfactory room-temperature strength 
when so treated. In other words, the tensile and impact proper- 
ties of the steel can be made highly stable with the proper heat- 
treatment. 

This fact should be borne in mind by the user, as the present 
requirements of Specification A193 will not necessarily insure 
the application of such treatment. 

According to Figs. 20 and 21 of the paper, oil quenching tends 
to stabilize the material in another respect. It postpones the 
transition from ductile to brittle fracture in the rupture test. 
The author states that, whereas, brittle or intererystalline failure 
appeared in the air-quenched steel after only 310 hr at 1000 F, it 
was not obtained in the oil-quenched material for 3400 hr. 
Whether a steel which becomes brittle after even 3400 hr may be 
considered safe for most engineering purposes is in itself an im- 
portant question, but at least it may be said that the effect of oil 
quenching is in the direction of greater stability. In spite of the 
foregoing, we do not mean to conclude that the normalizing treat- 
ment is less suitable than oil quenching for all high-temperature 
bolting steels since eventually some steels having a very different 
behavior may be developed. However, for the chromium- 
vanadium-molybdenum steel considered in the paper, we are in 
accord with the conclusion that oil-quenching treatments are 
the safest to employ. 

ll Assistant Metallurgical Engineer, Bethlehem Steel Company, 
Bethlehem, Pa. 
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AuTHOR’s CLOSURE 


The author appreciates the valuable addition of test data and 
comments, based on experience with this bolting material, 
presented by the several contributors. 

Referring to the comments of Messrs. A. J. Herzig and R. L. 
Wilson, the author agrees that control of composition and cooling 
rate from the quench would provide uniform room-temperature 
physical properties and creep and rupture strengths for different 
sizes of stock. Admitting that there is merit in such a procedure, 
the question remains as to how far it would be justifiable to go in 
using regularly a variety of compositions and treatments, in 
order to secure a uniformity of final result, the actual improve- 
ment of value of which might not be great enough to justify the 
complication. 

The author wonders if too great importance has not been at- 
tached in the past to the elastic properties at room temperature 
which are coming to be considered as less important than for- 
merly for materials which have to operate at high temperature and 
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where care may have been taken in design to avoid bad dif- 
ferentials. 

Thus, in order to meet the room-temperature physical-test 
requirements of A.S.T.M. specifications, particularly the yield 
strength, the range of heat-treating possibilities is at present 
narrowed down. Perhaps the specification should be revised for 
materials which are to be used for 900 to 1000 F application to 
permit somewhat lower elastic limit with resulting higher creep 
strength. 

Mr. Kanter points out the fact that lower carbon content 
broadens the range of heat-treatment for high Charpy impact 
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values, which is in agreement with the author’s experience in 
tests on this composition. 

In reference to Mr. Kanter’s Fig. 34, it will be noted that the 
oil-quenched specimen is quite inferior in comparison to the two 
normalized specimens; however, this was oil-quenched from 
1550 F and drawn at 1200 F, both of which were too low to 
develop the optimum creep strength for the oil-quenched con- 
dition. This material was only °/, in. diam. The only tests of 
small-size material, described in the paper, were items 810, 
837, and 838 on 1 in. diam. These were tested at 932 F, the 
same temperature as used by Mr. Kanter, and item 810 was oil- 
quenched from 1740 F and drawn at 1200 F. Plotting item 810, 
which is shown in Fig. 9 of the paper, and correcting it to the 
same elasticity factor of 5, to be comparable with Mr. Kanter’s 
data in his Fig. 34, it is evident that, with proper oil-quenched 
treatment, in this particular case, it will be fully as good as the 
normalized material. This is shown on the combined plot of 
Fig. 34 and Fig. 9 of the paper in Fig. 35 of this closure. 

One matter of importance to be developed by the discussion is 
the size of stock and the relation between this and the type of 
heat-treatment. Thus, when all is said and done, there is not 
so much difference between the normalizing of small-diameter 
material and the oil-quenching of large-size stock. 

In reply to Mr. McCutchan’s inquiry concerning the Charpy 
value of 3.79 ft-lb for item 837 in Table 2 of the paper, the 
decimal point is correct as shown. The figure in question was 
the result of an average, but even so, the author admits there is 
no justification for quoting impact strengths to hundredths. 

When the tests covered by this paper were first instituted, no 
thought was given to the possibility of publication, and the 
type of V-notch impact specimen was selected with the idea of 
producing a notch which would be the nearest approach to an 
actual bolt thread. When it was decided to publish the test 
results, these sharp V-notch impact data were not excluded. 
It is a measure of sensitiveness of materials to sharp notch impact 
and is a more severe test than any of the generally accepted 
impact tests. 

Mr. Worth agrees with the author as to the desirability of the 
oil-quenching treatment. In addition, he has pointed out the 
necessity of drawing this material for maximum stability at a 
temperature considerably above the operating temperature. 
With this particular steel a high draw is necessary in stabilizing 
the carbides. In the oil-quenched condition, the ductility of 
fracture in the rupture test increases with the increase of draw 
temperature as shown in tests subsequent to the preparation of 
this paper. 

In conclusion there is no escape from the fact that a satis- 
factory bolting material must represent a compromise among a 
number of qualities. 

After considering a proper balance of desirable room-tempera- 
ture physical properties, creep and rupture strengths, structural 
stability at high temperature, and insurance against failure in 
tightening the bolts, the following heat-treatment is recom- 
mended for material of composition similar to that reported in 
this paper: 1650 F, oil-quenched; 1250 F, air-cooled. 
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Continuous Heat-Balance Control 
of Boiler-Room Operation 


By BENJAMIN S. MURPHY,! BROOKLYN, N. Y. 


The author has attempted to bring out the different 
factors entering into boiler-room-operation control and to 
show that all of these factors must be synchronized before 
any comprehensive plan may be formulated. These fac- 
tors include such apparently unrelated items as scheduling 
boilers for cleaning, turbine outages, and personnel, as 


' well as incremental boiler loading and automatic control. 


The methods used at the Hudson Avenue Station of the 
Brooklyn Edison Company, Inc., constitute the basis for 
the presentation. 


UR entire social system has come to depend more and more 

upon an unlimited, continuous, and low-cost supply of 

electrical energy from centralized distributing centers. 
Due to geographical location or political reasons, a few such cen- 
ters utilize the energy from falling water, but the greater portion 
must use the stored heat in fuel. To convert this heat to elec- 
tricity, we burn this fuel under a boiler. 

The boiler thus becomes the foundation for our energy supply 
and, to meet the requirements mentioned, we must insure that 
the boilers involved will (1) develop the maximum expected 
output; (2) give this output whenever called upon, and (3) pro- 
duce it economically. 

The designing engineers and the manufacturers provide the 
operator with a rather intricate mechanism. However, the op- 
erator cannot shovel in a scoop of coal at one end and take out 
an equivalent kilowatt of steam from the other, as often as re- 
quired and as economically, without contributing talent of his 
own. It is this talent which we call ‘‘boiler control.” 

By boiler control it is not meant that regulators and devices 
can be installed to accomplish the desired objectives. It is not 
intended to detract in the slightest from the effectiveness of au- 
tomatic control, which is one of our best boilerhouse tools, but 
rather to emphasize the fact that boiler control depends upon 
many factors which must all be synchronized. These may be out- 
lined as (1) planning, (2) operating, and (3) checking. There is 
but a slight difference between the last two items, since an ade- 
quate system of checking must be in effect, at all times or, by the 
time inefficient operation is discovered, material harm may have 
been done. 


PLANNING 


The first step to be undertaken is the development of a long- 
range plan for the year. Of primary importance in this plan is 
to know how many boilers we must have either on the line or 
ready to go on the line when required. Unfortunately, due to 
first cost, operators never have as many boilers as they would 
like to have, and so must make the most of the boilers which are 
provided. A typical yearly boiler schedule is shown in Fig. 1. 

Load. First we will estimate the maximum, nonemergency 


1 Chief Engineer, Hudson Avenue Station, Brooklyn Edison Com- 
pany, Inc. Mem. A.S.M.E. 

Contributed by the Fuels Division and presented at the Annual 
Meeting, New York, N. Y., December 2-6, 1940, of THz AMERICAN 
Socrrty or MECHANICAL ENGINEERS. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


peak for each day of the year and plot this in Fig. 1 as the ‘‘ex- 
pected maximum peak.”’ Now, believing we know the load to 
expect, the next step is to find the number of boilers necessary to 
deliver it. 

Number of Boilers. If all the boilers are of the same size, the 
problem is fairly simple. However, since in most of the older sta- 
tions the boiler size has increased with each addition, it becomes 
more complex to determine the number required. 

At the author’s station, not only are the boilers of different 
sizes, but they operate at different pressures; twelve of the same 
size at 300 psi, and twenty of three different sizes at 400 psi. 
The turbines served are three 50,000-kw units operating at 300 
psi, and five, from 80,000 to 160,000 kw, at 400 psi. Also, by 
using reducing valves and desuperheaters, the 300- and 400-psi 
systems are interconnected, so to some extent the 300-psi tur- 
bines may be supplied from the 400-psi boilers. 

To overcome the difficulty due to boiler size in our calculations, 
we reduce them to a unit size or ‘‘equivalent boiler.’’ This is 
done by calling the capacity of the base boiler 10 Mw, or that of 
our smallest (300-psi) units. Then, on peak-load operation, we 
have the boilers rated asin Table 1. These are the boiler ratings 
which reasonably may be expected for normal heavy peak con- 
ditions (1) with the average grade of coal supplied, (2) with 
the amount of overfire liquid fuel that we may have, (3) with 
reasonable boiler economy, and (4) without making an undue 
amount of objectionable stack discharge, They are low enough 
so that, for any actual emergency, such as the loss of a boiler, we 
may increase the individual steam outputs of the remaining units 
to compensate for the shortage. 

As the base-boiler rating is 10 Mw, the expected load divided 
by 10 gives the number of equivalent boilers required on any day. 
So using the ‘“‘expected-maximum-peak”’ curve of Fig. 1 and the 
right-hand scale, we have the number of boilers that will be nec- 
essary. 

Boiler Scheduling for the Year. The availability factor of the 
modern boiler is improving constantly, and yet, boilers must come 
off the line to be cleaned and repaired at fairly frequent intervals; 
this is especially true for stokers. So, after determining how 
many boilers we must have at any time, we must fit the individual 
boilers into their outage periods and make out the schedule for 
each unit. 

The 300-psi turbines and boilers are the least economical and 
so are used as little as possible. However, when some of the 400- 
psi turbines are off for overhaul or when the station peak is above 
600 Mw, some 300-psi turbines must be used. If the 300-psi 
steam demand is not too great, the 400/300-psi connection is 
sufficient, but there are times when 300-psi boilers must be used 
to back this up. For this reason we will plot, in Fig. 1, the times 
of scheduled turbine overhauls. 

Our boilers are all stoker-fired and experience has proved that 
more frequent but shorter outages keep them in better condition, 
so we have abandoned the old practice of many ‘‘externals” and 
one long “internal” outage each year. This has been replaced by 
scheduling all overhauls for 2 weeks. The length of time be- 
tween these outages is set at 14 weeks for the regular steaming 
boilers. Any minor stoker repairs are made during week ends 
or nights when the boiler may be spared. This schedule is 
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maintained unless something quite out of the ordinary occurs, 
then we get back on it as soon as possible, shortening repair 
periods, if necessary. 

We plan a boiler-maintenance crew of sufficient size to handle 
three boilers at one time, together with any routine work which 
may develop. With this crew our object is to have under repair 
throughout the entire year one boiler from row 7 or 8 (largest), 
one from row 5 or 6 (next largest), and one other boiler. 

This leaves seven boilers of rows 7 and 8, and seven of rows 
5 and 6 available or a total of 56 equivalent boilers. Any differ- 
ence in boilers required is made up first from row 4 (also 400 psi), 
and next from rows 8 and 2 (300 psi). 

The outage periods of rows 5, 6, 7, and 8 are now plotted so 
that they will fall at the specified times for insurance and city 
inspections and tests. The status of the other boilers is deter- 
mined by demand. The specified overhaul periods and the out- 
age, available, laid-up, and steaming periods for the remaining 
boilers are plotted on the graphical schedule. 

The total steaming capacity is calculated, and this line, the 
dotted one following the solid line, is drawn in Fig. 1, completing 
the yearly schedule. From this schedule, the chief boiler-room 
engineer makes out his detailed schedules for work to be done at 
each outage. 

Boiler Scheduling Daily. Each day a “turbogenerator and 
boiler schedule” is issued covering the period from 4 p.m. that 
day to 4 p.m. the next day. This schedule gives the number of 
boilers (and turbines) available for that day’s peak, the number 
to use, and the order in which the turbines are to be taken off 
during the night and go back on the next morning. This gives 
the boilerhouse crew the information necessary to bring up their 
boiler loadings or bring them down to banking to suit the load 
demand. This is especially so for the 300-psi units on bank ex- 
cept when some 300-psi turbines are being used and are brought 
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up with the rolling of the generator, saving considerable fuel. 

The expected peak at Hudson Avenue, including Gold Street, 
is also given, the latter since all steam to that station is supplied 
from the Hudson Avenue boilers. The expected boiler capacity 
as given to the system operator is listed, together with any spe- 
cial notes on hold-offs, etc. 

The boiler data required to compile this sheet are taken from 
the yearly schedule, modified if necessary. All of this scheduling 
is done by rows not by specific boiler numbers. 


TABLE 1 PEAK BOILER RATINGS 
Equivalent Capacity 
Boiler row boiler each, Mw 
1, 2, and 3 1.0 10 
4 22 22 
5 and 6 322 32 
7 and 8 4.8 48 


TABLE 2 BOILER-LOADING SCHEDULE 
(Loading in Pounds of Steam per Hour) 
————— Row number 


4 5 and 6 7 and 8 
100000 100000 160000 
100000 110000 180000 
110000 120000 200000 
120000 140000 220000 
130000 150000 240000 
140000 170000 260000 
160000 180000 280000 
170000 190000 300000 
1800004 210000 320000 
180000 230000 340000 

Overfire aire 
190000 250000 350000 
Overfire liquid fuele 
190000 260000 360000 
190000 270000 380000 
200000 280000 400000 
200000 280000 420000 
210000 300000 440000 
2200006 3200004 460000 
220000 320000 480000 
220000 320000 500000/ 


Norte: For letter notes see text. 
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the anticipated loads, their heat rates, and the 


times on orders from the system operator. 


Each day the chief boiler-room engineer sched- 


ules the boilers he wishes banked and their 


sequence, the blowdown based on our laboratory 


report on concentration, any repairs that are to 


be made, etc., but always bearing in mind ca- 


pacity and relative economy. 


Boiler-Loading Schedule. The daily schedule, 


based on the yearly one, gives the total number 


of boilers to be used, and a boiler-loading sched- 


ule, Table 2, gives the distribution of load be- 


tween the different-sized boilers. 


Four boilers were installed with each turbine, 


in line with it. Each group of four has its own 


steam header, but all of the headers are tied 


together. Thus while most of the steam for any 


turbine comes from its own row, it is not neces- 
sary, and a turbine may operate with its boilers 
shut down, so no particular boiler-turbine com- 
bination need be considered. 

The boiler loadings have been computed from 
incremental loadings based on boiler tests and 
should give the best over-all economy. How- 
ever, they have been modified to suit other oper- 
ating conditions. 

It is fundamental that we wish to burn the minimum amount 
of coal but we must limit our operating points to those at which 
a nuisance is not created, due to stack discharge, even if by so 
doing more coal is burned. Such points are indicated in Table 2 
and explained subsequently. 

If the same grade of coal were always available, these points 
would be well fixed but, since the grade varies, we have two such 
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stop limits for each row and do not depend upon the operator 
knowing exactly what he is burning, and to limit his load accord- 
ingly. 

In Table 2, for row 4 we find that, for all coals ordinarily 
received, we are quite safe at 180,000 lb per hr (note a) so, unless 
necessary, we stop loading at this point and hold at this amount 
until the other boilers have been brought up, although the 
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theoretical curve would call for further loading of this row before 
increasing the load on the others. When the other boilers 
have been brought up, then row 4 may be increased to 220,000 
Ib per hr (note b) and there we must stop, for though we have 
taken 280,000 lb from a boiler the coal must be exceptionally well 
suited or there will be trouble. 

The first limiting point (note c) for rows 5 and 6 is 230,000 Ib 
per hr. When it is necessary to go higher than this, we use over- 
fire air. This consists of six nozzles in line across the back of the 
boiler connected to special blowers, discharging air at from 9 to 
17 in. wg horizontally into the furnace. These high-velocity air 
streams striking the gases at right angles break them up, causing 
considerable turbulence, supplying oxygen where required, and 
knocking down and holding down a large amount of fly cinders 
and “popcorn.” With our average coal and no overfire air, 
about 280,000 lb per hr is the nonnuisance limit but, in order to 
provide a safety margin for poorer coals, we set this at 230,000 lb 
per hr. With the overfire air, we now increase the everyday 
peak to 320,000 Ib per hr (note d), which roughly gives a gain of 
one boiler in eight. Incidentally, the total quantity of air to the 
furnace is not increased, the underfire air being reduced in pro- 
portion. ; 

For the largest boilers, rows 7 and 8, we are fairly safe at about 
380,000 Ib per hr, but have set the first limit below this at 350,000 
lb per hr (note e). For higher loads, overfire liquid fuel, either 
gas tar or fuel oil, is used. The liquid-fuel installation consists 
of three burners, in a group on the center line at the back of the 
boiler, discharging horizontally into the furnace over the fuel 
bed. By means of this arrangement the coal-burning rate of 
the stoker is held below the nuisance limit and the additional 
heat is supplied from the liquid fuel together with its necessary 
air. At the same time, the introduction of these flames causes 
some turbulence and mixing of the coal-fire gases, supplies igni- 
tion to some coal or carbon particles, and has some tendency to 
keep down any cinders. The top value for the better coals is 
now 500,000 lb per hr (note f) or, for the eight boilers, the liquid 
overfire fuel has given the equivalent of ten or a gain of two 
large boilers. 

A study each day of the steam outputs, as shown on the boiler- 
meter charts, would check the boiler loading, and this is done. 
However, for convenience and for the psychological effect of self- 
checking, each hour we have the boiler-control operators enter 
the hourly outputs of the individual boilers on the boiler log, 
Fig. 2. This log also gives the status of all boilers and shows any 
deviation from the yearly schedule. 


OPERATION 


Not so many years ago, we operated a boiler with only an in- 
dicating pressure gage, a water column, a “banjo,” and a fireman 
to play it. If the latter was ‘‘not so strong in the back” as to be 
“too weak in the head” the results were not bad. We depended 
upon the man and we still do. Years ago, the late Mr. Smoot 
often said, “my control is only a tool, it cannot think.” So, we 
must not overlook the fact that we are still dependent upon the 
skill and knowledge of the boiler operator and, therefore, must 
supply him with the necessary equipmeut in order that he may 
utilize this skill. 

Coal Measurements. Our coal is floated alongside in barges 
(1700 to 1900 tons) or in steamers (5000 to 6000 tons) and hoisted 
by digging buckets to 5-ton self-propelled cars. Each car on its 
way to the bunkers passes over and is weighed on a track scale 
and the weights printed on a tape. 

The eight rows of boilers are back to back and in the aisles in 
front of each row are electric-propelled weigh lorries. These 
lorries take the coal directly from the bunker gates and discharge 
it into the stoker hoppers. With this arrangement, it is possible 
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to weigh the coal supplied to each boiler, to each row, and to all 
boilers. 

The total weight of all coal hoisted each day is compared with 
the shipper’s weights. If a check of the coal to each boiler each 
day is required, the amount of labor involved is excessive so our 
practice is to use only the daily totals. However, if the con- 
sumption becomes irregular, then more detailed checks are made. 

The bunkers are calibrated at the first of each calendar week 
and month and, from these estimates and the shipper’s weights, 
the consumption is calculated. It is desirable that the bunkers 
be leveled before calibration, but too often operating conditions 
will not permit and the estimate is made “as is.” Ordinarily 
this is done by eye, but if more irregular than usual, or low, a tape 
is used. 

If the calibration is always made by the same person, the error 
is reduced but, even by different ones, the probable error is =200 
to 500 tons and this for us would be +70 Btu on the heat rate for 
the month and +250 Btu for a weekly calibration. It is obvious 
from these errors that too much dependence must not be placed 
on the weekly figure, though the actual error is as a rule less than 
that given. The weekly rate is of value, however, because if it 
is used in conjunction with the weekly lorry weights, it gives the 
trends, and the average will not be far out of line with the monthly 
rate. 

Whether we like it or not, the coal to be accounted for must be 
that given on the bill of lading. Some irregularities are found 
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here when compared with our track-scale weights, the latter 
figure being only of the order of a check. A few shipments, and 
very few as a rule, show we are receiving more than we pay for, 
but most are the other way. This variation may be from 0.5 to 
1.6 per cent which would represent some 70 to 220 Btu in heat 
rate. 

These figures appear high; an average would be of the order of 
0.6 per cent. However, when it is considered that there is car 
leakage en route to barge, that there is considerable spillage load- 
ing and unloading barges, that all vessels are not completely 
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In the evening 


of the first day, without the aid of the overfire air or fuel, we 
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The same two points are deter- 


mined the next evening with the overfire air and liquid fuel. 


The tests are not elaborate and extreme accuracy is not neces- 
sary. One bunker is emptied and the test coal, 1700 to 3500 
To determine the burning characteristics, we operate both 
boilers during the day on automatic control with or without 


tons, placed in it and used exclusively under one of our row 6 


days, the first two for noting the burning characteristics and the 
find the nonnuisance heavy peak rating for 2 hr and the emer- 


boilers and the opposite boiler in row 7. The tests last three 
last day for conducting a 10-hr weighed-coal run at a fixed and 
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In the last analysis it is: 
Fractions of a cent should be considered rather than pounds or 


British thermal units. 
With this in mind, we are continually seeking fuels that will 


Kind of Coal. From the engineer’s viewpoint, we are interested 
bring down our cost in cents per kilowatthour, even if by so do- 


in producing our kilowatt from a minimum weight of coal and 
ing we increase our pounds per kilowatthour. This search con- 


cleaned, that moisture variation must be taken into account, etc., 
with a minimum expenditure of heat but this is not a true “‘yard- 
sists of testing the coal (1) to determine if its characteristics fit 
our equipment so that we will be sure to supply the demand, and 
(2) if it does, whether the cost per unit of output will be reduced. 
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The boiler-room engineer reports on these findings as well as the 
test crew. On the morning of the third day, the stoker hopper 
of the row 7 boiler is leveled, the rating set at a fixed amount, 
and all coal to the hopper weighed by the lorry for 10 hr. From 
this weight and the steam output from the boiler-meter chart, 
the economic value of the coal, as compared to our standard coal, 
is determined. by 

These data are sufficient to reach a decision as to whether 
more complete testing is necessary and allow us to classify or 
rate the coal. 

We classify our coals from the test data into three grades, 
Nos. 1, 2, and 8. The No. 1 grade is best suited to our require- 
ments and the No. 3 the least, with a top nonnuisance rating of 
some 30,000 to 50,000 lb per hr of steam less than No. 1. The 
No. 2 is somewhere between the others. 

The No. 1 coals are straight bituminous, some of the No. 3 are 
also bituminous, but many are a mixture of one or two kinds of 
bituminous and 20 per cent of No. 4 (size) anthracite. The 
latter mixtures have great possibilities, for at once we have 
20 per cent of the cost of the fuel at a very much lower price per 
ton, possibly reducing the unit cost by 25 to 30 cents. 

Before such mixtures are successful, however, the bituminous, 
which acts as a binder and supplies ignition, must be found. In 
some cases, a single bituminous may answer, in others two may 
be used. As an example, we have a bituminous which cokes so 
much that it is too good a binder and although it has fairly high 
volatile, it ignites almost as slowly as buckwheat. Another 
coal, though low in volatile, distills very quickly and ignites 
readily but is so friable that it produces as much cinders as the 
anthracite and cokes but little. Combining these coals in a 
50/30/20 mixture gives excellent results. Now, if some of these 
bituminous coals may be purchased at a price below that of our 
No. 1, then we reduce the 80 per cent as well as the 20 per cent. 

Assuming such a coal with a unit price of 45 cents less than the 
No. 1 and our capacity is such that we can get sufficient output, 
then we can afford to burn 5 to 6 per cent more of it. But all 
such coals reduce capacity and some limit must be placed upon 
their use, or else so many more boilers must be carried that we 
would nullify any saving. Therefore, the coal must be made to 
fit the load. 

We have five bunkers, one over each firing aisle, and each is 
divided into three parts, the middle one being the larger. The 
No. 3 grade coal is placed in this larger section for rows 4-5, 6-7, 
and 8. During light-load periods it is used for all of these 
boilers and for the heavier loads on rows 5 and 6 with the over- 
fire air and on rows 7 and 8 with the overfire liquid fuel. No. 1 
or No. 2 grade coal is used for the heavy loads on row 4 and for any 
No. 1, 2, or 3 boilers which may be in service, as well as for any 
abnormal loads which we may have to carry on the other boilers. 

In addition to testing the new coals, we make a continuous 
check on the coals received in the same manner as for the burning 
tests. This is done by the boiler-room engineers, who each day 
turn in a ‘‘coal-characteristic daily report,” Fig. 4. On this they 
note any abnormal condition found. The data from these sheets 
are plotted on a current monthly sheet or graphical summary, 
on which is the daily unloading, classified in grades. This gives 
a comprehensive idea of the coals used and, if applied intelli- 
gently, it is worth-while. Such a sheet is shown in Fig. 5. 

Boiler Control Room. Centrally situated on the operating floor 
of the boilerhouse is the boiler-control room, in which is located 
most of the control equipment for the making and, if necessary, 
the emergency distribution of all steam. The equipment may be 
divided into four groups: , (1) Steam-valve control; (2) boiler 
control for 300-psi boilers; (3) steam control for 400/300 psi; 
(4) boiler control for 400-psi boilers. 

Steam-Valve Control. A diagram board of all boilers, steam 
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lines, and motor-operated valves is mounted on the wall with 
red and green signal lamps for valve position indication and 
“close” buttons for some 118 valves, 10 in. to 24 in. in size. 

300-Psi Boiler Control. For the 300-psi boilers there are 
supermasters to control all twelve boilers. These may be oper- 
ated straight automatic from steam-pressure variation or manu- 
ally. These boilers have no induced fans but are equipped 
with forced-draft fans in common. Regulation is provided 
for their speed, for gas volume by outlet boiler-damper posi- 
tion, and for coal feed by stoker-motor speed control. 

400/300 Psi Steam Control. The operating mechanism, gages, 
thermometers, and flowmeter recorder for reducing the pressure 
and temperature of the 300-psi steam from the 400-psi boilers is 
loeated in this room. 

400-Psi Boiler Control. This control consists of a super- 
master, either fully or part automatic, which controls five sub- 
masters, one for each boiler row. Leak-offs are provided for dis- 
tribution of load between rows. The regulators for the equip- 
ment are listed in Table 3. 


TABLE 3 CONTROL REGULATORS FOR 400-PSI BOILERS 


7——— Row number 
4 5and6 7and8 


Induced=tanyspeediacncctilsyesctam ters tne x == = 
Delivery by vane position........ = x x 
Foreed-fan- speedit.ch.. Miwek ccc cess < —_— — 
Delivery by vane position........ —_— x x 
IWind=boxiG amp erwin suena tense. x x x 
Boiler-outlet damper.............+... Oe — _— 


For row 4, the oiler at the forced-and-induced fans starts and 
stops them on signal from the boiler-control operator; all speed 
regulation is from the control room. 

All of the forced-draft fans for the other rows are started and 
shut down by the oiler at the fans, and the delivery is regulated by 
vane position, automatically. 

The Nos. 5 and 6 induced fans are started, speed changed, and 
shut down by the oiler at the fans and the volume is regulated by 
vane position. 

All of the operation of Nos. 7 and 8 induced fans is by the 
stoker operator at his boiler panel, and volume control is by vane 
position, regulated automatically. 

Totalizing wattmeters and pressure gages are provided for each 
group together with direct telephones to the low-tension board, 
the turbine room, and to the stack observers. 

There are two specially trained boiler-control operators on duty 
at all times and it is the headquarters of the boiler-room engineer. 
It is also a clearing house for all orders, hold-offs, or other boiler- 
room information. 

Control Equipment at Boilers. As indicated, the boiler-control 
operator handles most of the equipment for the first four rows, 
but the last four come more directly under the control of the 
stoker operator at the boiler. 

Personnel. It has been truly said that ‘a fire room will make 
or break a powerhouse,” and we could go yet further and substi- 
tute “fireman” for “‘fire room.” All fires must be inspected at 
frequent intervals and the operator must understand what he 
sees and know how to correct it, if necessary. So with all of our 
planning and with all of our indicating and automatic equip- 
ment, we still must depend upon the operator at the boiler. 

Our operators are all trained by us. The more promising 
young boilerhouse maintenance men are used for sick and vaca- 
tion relief work on operation, first on lorries and then as helpers 
on the boilers. The company conducts classes in combustion 
and boiler operation which the men are urged to attend, attend- 
ance counting for promotion. 

Each watch is in charge of a boiler-room engineer who devotes 
all of his time to operation. Each stoker operator is assigned 
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two boilers and, for rows 7 and 8, he has a helper. Each operator 
signs his work by placing his signature on the boiler-meter chart. 

In addition to the regular operators, we have a small technical 
crew which spends its time in the boilerhouse, working not only 
with the engineers but directly with the operators. For special 
tests we call in our technical service department. 


CHECKING 


First we plan, then operate, and finally become bookkeepers to 
determine our operating costs. Our quantities are large, the coal 
bill alone amounting to more than $500,000 per month, so even a 
small increase is an appreciable amount. Therefore, to guard 
against such increases, the checking must be continuous. We 
have outlined some of these checking measures under the subject 
of operation, as they are so closely allied. 

Steam Generated. Each day, each boiler-meter chart is ex- 
amined to find: 


1 If there has been any deviation from scheduled loading. 
2 If there is any spread between steam and air pens. 
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3 The quantity of steam generated. 


The operator writes across the face of the charts any reasons for 
(1) or (2) and there may be good ones. Also such explanations 
are made in the ‘‘daily-boiler-log” sheet. 

The turbine main and heater condensate is metered and this, 
together with necessary corrections for estimated blowdowns and 
steam sent out of the station, is compared with the integrated 
totals from the chart and used for the quantity generated. 

Temperatures. A running check is made of temperatures of 
steam, gas, air (for preheaters), etc., and any deviation from 
standard is checked at once. 

Heat. We have no continuous coal sampling at the present 
time, the coal being hand-sampled from each 5-ton bunker car. 
The heat in the refuse is from ash samples from the disposal 
barges. 

Draft. Comparison of draft drops guides us on our lancing or 
external cleanings. 

Any other checking is more or less common to all boiler opera- 
tion. 
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An Analysis of the Milling Process 


By M. E. MARTELLOTTI,! CINCINNATI, OHIO 


This analysis of the milling process shows that the 
path of a milling-cutter tooth is an arc of a trochoid, the 
parametric equation for which can be derived from known 
variables of the cut. As a result, the milling process is 
susceptible to mathematical treatment. Practically, the 
advantage of such analytical methods is that such ele- 
ments as the radius of curvature of the tooth path, the 
clearance and rake angles of the length of the tooth path, 
the radial thickness of the chip, and their effects upon 
the quality of milled surface may be evaluated. The 
paper demonstrates the advantages of the up-milling 
process in achieving machined surfaces of high quality. 
This form of analysis will also be found useful in com- 
paring different milling methods. 


INTRODUCTION 


ILLING is a process of removing the excess material 
from the workpiece in the form of small individual chips. 


These chips are formed by the intermittent engagement 
with the workpiece of a plurality of cutting edges or teeth integral 


UTION OF CUTTER sn 


Fria. 1 Toora Marks on A MILuep SURFACE 


(Material, brass; cutter, spiral mill, 8T, 3.89 in. diam, 38 rpm; helix angle, 
5 deg; feed rate, 36 in. per min; depth of cut, 1/3. 1n.; X3.) 


Fig. 1. The method of milling in which the cutter rotates in a 
direction opposite to or against the motion of the work is usually 
called “conventional milling,” but is better described as “up 
milling,” since the chips are formed while the teeth of the cutter 
move in an upward direction, away from the finished surface of 
the work, Fig. 2. 


Kinematics or MILuina 


Owing to the limited period of engagement of each tooth, a 
milling chip is short and of a variable thickness, Fig. 3. This 
results from the combination of the translatory motion of the 
work and the rotary motion of the cutter. Hence, the direction 
of motion of the tool point is continuously changing with respect 
to the direction of motion of the workpiece, and the path of the 
tooth resulting therefrom is not circular, but of the type which is 
properly described as trochoidal. 

The name “‘trochoid” is given to that family of curves which 
are the locus of a point (taken along a radial line, originating at 
the center of a circle), generated while the circle rolls on a straight 
line X. As indicated in Fig. 4, a point P, chosen on this radial 
line at a distance from the center of the circle which may be 
either less, equal, or greater than the radius of the circle, will 
generate the curves A, C, and B, which are respectively called, 
‘prolate trochoid,” “cycloid,” and ‘‘curtate” or “looped tro- 
choid.” 

In analyzing the milling process, valuable assistance may be 
realized from a consideration of the kinematic characteristics, 
defined by the equation of the path of a tooth. In previous 
investigations of the milling process? it has been customary, for 
the sake of simplicity, to assume that the path generated by the 
cutter tooth is circular. However, as will appear from the 


following analysis, it is not necessary to make this assumption, 
as the various relationships may readily be calculated from the 
This affords a proper understanding 


true trochoidal tooth path. 


Fig. 2. Mivurne Carp at Dirrerent Stages or FoRMATION 
(A, at beginning of tooth path; B, at middle of tooth path; C near end of tooth path.) 


with or inserted in a cylindrical body known as the milling cutter. 
This intermittent engagement is produced by feeding the work- 
piece into the field dominated by the rotating cutter. 

The finished surface, therefore, consists of a series of elemental 
surfaces generated by the individual cutting edges of the cutter, 


1 Research Engineer, The Cincinnati Milling Machine Company. 
Mem. A.S.M.E. 

Contributed by the Machine Shop Practice Division and presented 
at the Annual Meeting, New York, N. Y., December 2-6, 1940, of 
Tur AMERICAN SocieTy oF MECHANICAL ENGINEERS. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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of the milling process, and brings to light certain important 
events, such as the changes in the clearance and rake angles, and 
radius of curvature of tooth path. 

For the purpose of analysis, the system composed of a rotating 
milling cutter and a translating workpiece may be replaced by 
an equivalent system in which the work is stationary and the 
cutter rotating and translating at the same time. In this case, 
however, the direction of the translatory motion of the cutter or 


2“Chip Thickness in Milling,” by C. H. Borneman, American 
Machinist, vol. 82, 1938, pp. 189-190. 

“How Thick a Chip?” by A. L. DeLeeuw, American Machinist, 
vol. 83, 1939, pp. 991-992. 


678 


feed will be opposite to that of the work, which obtains in the 
ordinary case. 

The idealized version of this arrangement, shown in Fig. 5, 
and"applied particularly to the case of slab milling, can be illus- 
trated by means of a mechanical system, of the rack-and-pinion 
type, in which the pinion Q of the proper dimension is integral 
with the spindle and cutter and meshes with a rack Z rigidly 
supported on the stationary base of the machine. Upon rotation 
of the spindle, the cutter will be fed to the work in a direction 
which obtains in an ordinary milling machine. 

Since the cutter is translated at a rate corresponding to the 
feed of the work, the pitch radius r of the pinion may be deter- 
mined by the relation 


where 
F 


1 


feed rate, in. per min 
rpm of cutter and pinion 


r pitch radius of pinion, in. 


i 


CHIP 


FRAGMENT OF 
BUILT UP EOG6E 


BUILT uP 
EDGE 


TOOTH OF / 
MILLING CUTTER i 


DIRECTION OF 
CUTTER ROTATION ~~ 


SURFACE PRODUCED BY THE 
CUTTER. THIS SURFACE WILL BE 
REMOVED BY THE NEXT TOOTH 


FRAGMENTS OF _ 
BUILT UP ars 


Fie. 3 CompLete Up-MILiine CHIP 


(Material, S.A.E. 1112; feed rate, 6!/, in. per min; depth of cut, 1/s in.; 
cutter, spiral mill, 10T, 4 in, diam; cutting speed, 40 fpm; X50.) 


In practical application, the surface speed of the cutter is 
always much greater than the feed rate of the work, consequently 
R, the radius of the cutter, will be much greater than 7, the pitch 
radius of the pinion. 

By referring to Figs. 4 and 5, it is evident that, by allowing the 
pinion Q to roll on the rack Z, the edge of the tooth will generate 
a looped trochoid. This can be represented by the parametric 
equations «* 

X =rat+Rsina } 
Y = R (1 — eos a) 
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In Equations [2], a is the angle through which the cutter and 
pinion have rotated in the direction of the arrow M from the 
starting point O, which is the origin of the coordinate system XY. 

Two consecutive teeth, 2 and 1, Fig. 5, are shown, on an 
enlarged scale, in their relative position, respectively, at the 
beginning and near the end of their engagement with the work. 
Tooth 1 has nearly completed the path A’-N, while tooth 2 is 
about to contact the work at a point marked A, along the path 
of the tooth 1. 


TootH AND ReyoLuTion Marks 


As the pinion is rolled on the rack in the direction of the arrow 
M, tooth 2 moves downward into the work, and not tangentially 


, B-CURTATE TROCHOID 
/ -C-cyYCLoiD 


- A-PROLATE TROCHOID 


Fie. 4 TrocHorps 


Ficg.5 Para GENERATED By A MiLiinc-CuttTer Toot 


as is usually believed to be the case, until the point O’ is reached. 
The tooth is then at the greatest perpendicular distance from the 
path to the center B’. Thereafter, the tooth begins to rise toward 
the upper surface of the workpiece. 

A cusp known as the tooth mark results from the intersection 
of the path of two consecutive teeth, by the direct action of the 
edge of the tooth upon the work material. The distance between 
two adjacent tooth marks is known as the feed per tooth, F;. 
This is obviously equal to the distance F’, on the upper surface 
of the work, Fig. 5. 

A milled surface, therefore, is composed of innumerable 
elements of tooth paths, each delimited by the feed per tooth, 
as shown in profile and enlarged both in Fig. 5 and in the actual 
reproduction, Fig. 1. 

The uniformity of the tooth-mark spacing depends upon the 
location of the points A A’ where the teeth intersect the paths 
generated by the preceding teeth. 

If in the parametric Equations [2] the quantity 2 is added 
to the angle a, the net result is a translation of a given tooth 
path, in the direction of the feed, by an amount equal to the 
feed per revolution; thus, a more general system of parametric 
equations of the tooth path results 
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X= (2QnK+a)r4+ £#sin (22 K 4+ a) 
Y = R{l1— cos (2 Kr + a)] 


where K is an integer number. 

This indicates that the paths generated by the teeth of a milling 
cutter are congruous, and that they can be obtained from each 
other by a displacement equal to the feed per tooth, or a multiple 
thereof. 

By eliminating the parameter a between the parametric 
Equations [2], the Cartesian form of the looped trochoid of a 
milling-tooth path will be obtained 


. X =rcos"! SNe R iB TA ase ee [4] 
where d indicates the instantaneous depth in place of Y. 

The equations which have been derived, whether of the 
parametric or of the more involved Cartesian form, furnish 
means for determining the shape of the trochoid curve generated 
by any tooth of a milling cutter, as a function of a few variables 
of the cut, which are generally known. From the Cartesian 
equation, for instance, the value of X for any point, taken with 
respect to the origin O, can be obtained when the radius of the 
rolling circle 7, the radius of the cutter &, and the depth d at 
different positions of the tooth path are known. ‘Thus the tooth 
path may be mathematically reconstructed. 


el 
L. {1g INCH FEED 
' |PER TOOTH 
le at +i oo 
O10 a 
aie 4 = F 


‘ 
aoe 942 INCHES ee PER | 


REVOLUTION OF CUTTER 


Lie i | 


Fic. 6 Variations Propucep sy Tooru AND REvoLuTion Marks 
on A MILLED SURFACE 


(Material, brass; cutter, spiral mill, 8T, 3.89 in. diam, 38 rpm; helix angle, 
35 deg; feed rate, 36 in. per min; depth of cut, 1/22 in.) 


WORK SURFACE VARIATION — INCHES 


Since the tooth path, in approaching and leaving the point O, 
is symmetrical with respect to that point, the points of inter- 
section (such as A and A’) will be located at one half the feed 
per tooth from either side of point O. This is exactly true, 
however, only under the conditions seldom obtained in practice, 
viz., that the teeth have the same distance from the center of the 
cutter, and that the feed per tooth is constant and the teeth are 
equally spaced. 

As can be seen from Fig. 1, any variation in the values of these 
quantities will also affect the height h, but this effect is usually 
small, and thus may be disregarded. The magnitude of h can 
be calculated from the following equation, which has been derived 
from the parametric Equation [2] 


where 
h = height of tooth mark above point of lowest level, in. 
F, = feed per tooth, in. 
R = radius of cutter, in. 
T = number of teeth in cutter 


The value of h, calculated with Equation [5], and for 0.1 18 in. 
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feed per tooth, 8 teeth, 3.894 in. diam of cutter, and using a 
spiral mill, was 0.000766 in. 

The average value of h obtained from the measurement of 
52 tooth marks produced in an actual cut on brass, under the 
foregoing conditions, was 0.000710 in., thus showing a satisfactory 
agreement between the calculated and observed values. Fig. 1 
shows this surface, which was purposely milled at an unusually 
high feed rate in order to show the tooth marks clearly. The 
actual variations in the surface are shown in Fig. 6. 

In addition to the tooth marks, which correspond to the tooth 
frequency, a slab-milled surface shows periodic variations 
having a wavy appearance, the frequency of the waves being 
equal to the frequency of rotation of the cutter. The amplitude 
of the wave (or height of the revolution mark) is a function of the 
eccentricity of the cutter and arbor, the so-called “high tooth” 
on the cutter, and the periodic variation in the deflection of the 
arbor, caused by the presence of the keyway and possible uneven 
conditions on the arbor supports. 

The height of a revolution mark, in the case shown in Fig. 6, 
is 0.004 in. It may be observed also that the tooth marks follow 
the undulation of the revolution marks. The presence of one 
or the other or both types of marks alters the physical condition 
of the surface and consequently the quality of its finish. 

While the height of a tooth mark can be reduced by increasing 
the radius of the cutter, and by decreasing the feed per tooth 
until the tooth marks become scarcely distinguishable, par- 
ticularly at the lower feed rates, the revolution marks, on the 
other hand, cannot be prevented unless special care is taken in 
grinding the teeth of the cutter within close limits and making 
sure that the runout of the cutter and arbor is reduced to the 
lowest possible value. 


Ravivus or CurvATuRE or TootH PatTu 


The difference in the height of a tooth mark, produced under 
various operating conditions, is due to the instantaneous radii 
of curvature of the path of the tooth. This is a function of the 
radius of the cutter, its speed, the depth of cut, and the feed rate, 
factors which enter into a milling operation. 

In conventional milling (up milling), the radius of curvature 
at any point in the path of the tooth is expressed as 


2 i 3/2 
| B+ ee) + ue (Rie ‘| 


en {6] 
ety yar + R? 
2a 


The variables are 


d = depth of cut, in. (at point under consideration) 
R = radius of cutter, in. 

F, = feed per tooth, in. 

T= number of teeth in cutter 

p = the instantaneous radius of curvature in inches 


The radius of curvature obtained from Equation [6] is the 
instantaneous radius of a small portion of the path of the tooth 
in the neighborhood of a point determined by a given combi- 
nation of the variables mentioned. 

By assuming certain values for three of these variables, the 
relationship has been determined between the radius of curvature 
and the depth of cut, the revolutions per minute of the cutter, 
and the feed rate, Figs. 7, 8, and 9. 

From an inspection of these results, the following conclusions 
may be drawn: 

1 A large radius of curvature is obtained at shallow depth 
of cut. This condition obtains particularly within the length of 
a tooth path delimited by the feed per tooth. Beyond this 
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Fie. 8 Rapius or CurvaturE or TootH Patu Versus REVOLU- 
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Fieg.9 Raprus or CurvatTurs or Toots Pats Versus Prep Rate 
(Radius of cutter, 2 in.; depth of cut, 1/4 in.; cutter speed, 60 fpm.) 


elemental portion of the tooth path and, as the tooth travels 
toward the upper surface of the workpiece, the radius of curvature 
decreases, reaching a minimum value equal to the radius of the 
cutter when the depth of cut is likewise equal to the radius of 
the cutter, Fig. 7. 

2 For any given cutting condition, as we increase the cutting 
speed and, consequently, the revolutions per minute of the cutter, 
the radius of curvature is correspondingly decreased. For very 
high values of the revolutions, it tends to approach, as a limiting 
value, that of the radius of the cutter, Fig. 8. 

3 When the feed rate is increased, the radius of curvature 
increases proportionately with it. The relationship between 
radius of curvature and feed is shown in Fig. 9. 

If we consider the variation of the radius of the curvature, 
in relation to the variables of the cut, and on the basis of ex- 
perimental evidence, we can conclude that it is always desir- 
able to have a set of conditions such as will give, at any time, 
the largest possible radius of curvature. It is well known that 
more efficient metal removal is usually obtained for relatively 
large values of the feed per tooth, Figs. 10 and 11. 

Since the feed per tooth is a function of the feed rate, the 
number of teeth and the revolutions per minute of the cutter, as 
expressed in the equation 
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where 
F = feed, in. per min 
T = number of teeth in cutter 
n = rpm of cutter 


it is apparent therefore that a large value of the feed per tooth 
will be obtained for any given number of teeth and feed rate, by 
choosing a low value for the revolutions per minute of the cutter. 
This will automatically give us a large radius of curvature. 

An illustration of the effect of the cutting speed of a milling 
cutter on the actual power required to remove a given volume of 
metal (in this particular case, machinery steel) is given in Fig. 12. 
From this illustration, it will be seen that, for a constant feed 
rate, the minimum power required to remove the same amount 
of metal is always obtained at the lowest cutting speed. The 
power increases as the cutting speed is increased. 

If the same volume of metal is removed under two different 
conditions, by adjusting the feed rate and the depth so as to give 
the same metal removal, it is found that the most efficient removal 
of metal is obtained at a shallow depth and the highest feed rate, 
as shown in Fig. 13. As an example, if the feed rate in one case 
is 10 in. per min and the depth of cut !/, in., and in the second 
case the feed rate is 20 in. per min and the depth of cut 1/3 in., 
the power required at the cutter is 14 and 12!/, hp, respectively. 

It is also evident from the factors entering into the expression 
for the radius of curvature that, by increasing the radius of the 
cutter, it is possible to make the arcs of the trochoid yet flatter 
and thereby reduce the height between the cusps and the 
trough of each elemental surface, thus improving the quality of 
the finished surface. 

From the foregoing considerations, it is apparent that the 
radius of curvature can be used to indicate, both qualitatively 
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(Material, cast iron; cutter, spiral mill, 8T, 4 in. diam; rake angle, 10 deg; 
clearance angle, 3 deg; helix angle, 25 deg; width of cut, 4 in.; cutting 
speed, 66 fpm.) 
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(Material, S.A.E. 1112 steel; cutter, spiral mill, 8T, 4 in. diam; rake angle, 
10 deg; clearance angle, 3 deg; helix angle, 25 deg; width of cut, 4in.; cutting 
speed, 66 fpm; cutting fluid, soluble oil and water.) 
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and quantitatively, the effects produced on the path of the tooth SURFACE FINISH G00D 
by the changes in the values of one or more of the variables of OF avin ye ose 
the cut. Consequently, these variables can be adjusted to obtain i 

any desired results. 

In addition to the effects mentioned, which are inherent in 
the methods of generating a milled surface, there are other effects 
which are induced by the flowing metal as the excess material is 
removed in the form of chips. 


Quauiry or Frniss in MILLEep SURFACES 


In all metal-cutting processes, it is found that, at the very 
beginning of the contact of the cutting edge of the tool with the 
work material, and for a short distance thereafter, the machined 
surface is shiny in appearance and of uniformly good finish, 
while later on, the surface quality changes to that of a dull, coarse 
finish. This transition is illustrated in Fig. 14. 

The length of the shiny surface in the direction of the cut 
seems to depend upon the kind of material, the depth of cut, the 
clearance and rake angles, and particularly on the presence, : 
strength, and quality of a film in the nature of an oxide, or an ; \ Fis aay Sid 
oil film of molecular dimensions, existing on the cutting edge of i 
the tool and its adjacent surfaces at the time of its firet.contact Fic. 14. Puoromicrocrary or Macuinep Surrace AT BaGinnina@ 


with the work. or Cut, SHowina Grapuat CHanan in Natourw or SurFace 
When this film is eventually removed by the combined effect (Material, §.A.E. 1112 steel; X50.) 
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of temperature and pressure developed at the root of the chip, and 
by the wiping action resulting from the motion of the chip, 
the surface of the tool becomes chemically very active; and 
therefore the material at the under surface of the chip, which is 
in a nascent (or freshly formed) condition, will bond readily to 
the tool. 

When this has occurred, the resistance to the motion of the 
plastic metal of the chip in contact therewith will be increased. 
This will cause the metal in the vicinity of the cutting edge to 
be retarded in its motion, and thus the crystals of the chip 
material become elongated in a direction roughly parallel to the 
face of the tool. 

As the motion of the chip continues, a portion of this material 
stressed beyond the elastic limit will finally rupture from the 
main body of the chip and cling to the tool. As the tool con- 
tinues to advance, the highly stressed material piles up and 
continues to grow both along the face and the region below the 
flank of the tool, thus forming the so-called built-up edge. 
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Eventually an unstable condition is reached when a portion of 
material located on the outer boundary of the built-up edge, no 
longer sufficiently supported by the tool and under the action 
of the forces produced in the formation of the chip, will shear off 
periodically from the underbody and escape as small irregular 
fragments, both with the chip and the work. 

In a metal-cutting process where a tool remains engaged with 
the chip from the beginning to the end of the cut, and where the 
path of the tool covers the full length of the final surface, the 
presence of the “built-up or pseudo edge” is particularly detri- 
mental to the formation of a good surface finish. 

The use of a cutting fluid is known to reduce the size of the 
built-up edge and, in special cases, to prevent its formation.? 
Under normal conditions, however, the built-up edge will never 


Symposium, ‘Machining of Metals,’’ American Society for 
Metals, 1938. 
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(Material, S.A.E. 1112; feed rate, 61/s in. per min; depth of cut, 1/s in.; 
utter, spiral mill, 10T, 4 in. diam; cutting speed, 40 fpm; cutting fluid, 
soluble oil and water; X50.) 
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completely disappear, and its fragments will be found on every 
machined surface in the form of small irregular portions of work 
material in a highly worked state and aligned ina general direction 
roughly normal to the direction of the tool path, Fig. 15. A 
eross section of this surface in the direction of the tool path is 
shown in Fig. 16 (A). Here can be seen the pronounced change 
in the quality of the finished surface produced by the fragments 
of the built-up edge. 

In the case illustrated in Fig. 14, the element of smooth surface 
produced at the beginning of the cut extends approximately 
1/, in. in the direction of the motion of the tool, but in up milling, 
this surface extends for a relatively great distance beyond the 
point where the cut began, Fig. 17. 

A milled surface is composed of innumerable elemental sur- 
faces which are generated in the early stages of a tooth path, 
when the thickness of the chip is extremely small and the cutting 
edges of the teeth are still covered with the cutting fluid used, 
and, in addition, with an oxide film formed during the idling 
period prior to the engagement with the work. 

Therefore, as the cutting process continues, successive chips 
will be formed under nearly identical conditions, and it may be 
expected to find this quality of surface finish as indicated in Figs. 
17 and 16 (B), to extend to all elements of the final milled surface. 
A profile of this surface taken at right angles to the feed within 
the region of a tooth mark is shown in Fig. 18. 

The photomicrographs, Fig. 19, of the actual finish obtained, 
when milling various kinds of work material with a spiral mill, 
prove that these deductions are in good agreement with actual 
practice. 

Blemishes on the finished surface are caused, in some cases, 
by fragments of chips adhering to the teeth and being caught 
between them and the work in subsequent engagements. This 
happened in the case of aluminum, Fig. 19 (A, B), and of 
stainless steel (Rezistal), Fig. 19 (C), all of which were cut 
dry. When stainless steel was milled with soluble oil as the 
cutting fluid, a definite improvement in the quality of finish 
was obtained, as shown in Fig. 19 (D). The specimens of 
copper, brass, and duralumin, Fig. 19 (4, F, and G), show a 
remarkably good surface finish, particularly copper. The steels 
including 8.A.E. 3115 milled dry, Fig. 19 (H), with soluble oil 
and water, Fig. 19 (J), and tool steel, Fig. 19 (J), also with 
soluble oil and water, show indications of small fragments of the 
built-up edge, due to an early bonding of the material of the chip 
with that of the tool, thus causing the formation of a small built- 
up edge almost at the beginning of the cut. 

The finish obtained on a cast-iron specimen is shown in Fig. 
19 (K). The irregularities on this surface are due to successive 
ruptures caused by the brittleness of the material. 

Additional proof that the character of the elemental surfaces 
is maintained for a certain distance beyond the point A, Fig. 5, 


where the tooth first contacts the work, is shown in the cross 
section of the chip and the adjacent surface of the work at the 
beginning of the up-milling cut, performed with a spiral mill on 
a specimen of §.A.E. 1112 steel, Fig. 20. 

The actual point of tooth contact with the work can be deter- 
mined approximately from a direct measurement of the chip 
shown in Fig. 20. Here we find that this chip is approximately 
0.0008 in. thick and 0.0125 in. long. 

Now it has been found that the actual length L, of a chip bears 
a, definite relation to the length L, of the resulting surface and 
the conditions under which it was formed. This may be called 
the ‘‘cutting ratio.” 

Various values of this ratio obtained on specimens of S.A.E. 
1112 steel with a single-point tool, and with various cutting 
fluids, are listed in Table 1, and the magnified views of the 
corresponding finished surfaces in Fig. 21. 

Comparing the finish of the milled surface, Fig. 17, obtaining 
at the beginning of the cut, with that of the surfaces shown in 
Fig. 21, it is found that the finish of the former surface falls be- 
tween that of the surfaces (2) and (3) of Fig. 21. Hence, the 
cutting ratio L,/L, can be assumed equal to the mean values 
of the ratios obtaining in these surfaces, or the value of 0.382. 

Then, the beginning of the chip, shown in Fig. 20, would be at 

Ib 0.0125 


0.382 0.382 
location, or in the neighborhood of the point marked A, 

Since the feed per tooth, F,, used in machining this specimen 
was 0.0170 in., then the point of intersection of the following 
tooth will be approximately at B, that is, 0.0170 in. from the 
point where the previous tooth entered. Thus, the element of 
the finished surface produced by the first tooth is the distance 
A-B, Fig. 20, which is well within the region free from fragments 
of built-up edge, as shown in Fig. 17. 

The gradual deterioration of the quality of the milled surface 
along the path of the milling-cutter tooth is shown in the photo- 
micrograph, Fig. 22 (A, B, C, D). At the beginning of the cut, 
Fig. 22 (A), the quality of the finish produced is similar to that 
obtained in Fig. 14. In Fig. 22 (B), taken at a later stage of the 
tooth passage along its path, the surface shows small fragments 
of built-up edge; in Fig. 22 (C) the surface is rough and shows 
the extent of nonuniformity produced by large fragments of the 
built-up edge. This character is maintained in Fig. 22 (D), 
which illustrates the surface at the end of the tooth path. 

The cross section of chip and work taken along the ascending 
portion of the tooth path in up milling is illustrated in Fig. 23. 
In this case the numerous and rather regularly spaced fragments 
of the built-up edge are left behind by the advancing tooth at the 
rate of approximately 2000 per sec. This gives an indication 
of the rate at which the built-up edge forms and breaks down. 
This will continue until the chip is finally severed from the work 


a distance L, = = 0.0325 in. back of its present 
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(A, aluminum, cut dry; depth of cut !/is in., width of cut ‘/sin.; feed rate, 24 in. per min; cutter, spiral mill, 10T, 4 in. diam; cutting speed, 675 fpm. 
B, aluminum, cut dry; depth of cut 1/16 in., width of cut 1/sin.; feed rate, 61/, in. per min; cutter, spiral mill, 10T, 4 in. diam; cutting speed, 230 fpm. 
C, stainless steel, Rezistal,. cut dry; depth of cut !/1s in., width of cut !/; in.: feed rate, 3 in. per min; cutter, spiral mill, 10T, 4 in. diam; cutting 
speed, 41 fpm. D, stainless’steel, Rezistal, soluble oil and water; same as under C. , copper, cut dry; depth of cut 1/16 in., width of cut 1/qin.; 
feed rate, 61/4 in. per min; cutter, spiral mill, 10T, 4 in. diam; cutting speed, 230 fpm. F, brass, cut dry; conditions same as in E. G, duralumin, cut 
dry; conditions same as in Z. H, S.A.B. 3115 steel, cut dry; depth of cut 1/1 in., width of cut 1/, in.; feed rate, 3 in. per min; cutter, spiral mill, 
10T, 4 in. diam; cutting speed, 40 fpm. J, S.A.E. 3115 steel, soluble oil and water; depth of cut 1/1 in., width of cut 1/4 in.; feed rate, 3 in. per 
min; cutter, spiral mill, 10T, 4 in. diam; cutting speed, 63 fpm. J, tool steel, soluble oil and water: depth of cut 1/is in., width of cut 1/,in.; feed rate, 
31/s in. per min; cutter, spiral mill, 10T, 4 in. diam; cutting speed, 51 fpm. K, cast iron, cut dry; depth of cut !/i6 in., width of cut 1/4in.; feed 
rate, 61/4 in. per min; cutter, spiral mill, 10T, 4 in. diam: cutting speed, 63 fpm; X50.) 
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(Material, 8.A.E. 1112; depth of cut, 0.005 in.; speed, 51/2 in. per min; X75.) 


TABLE 1 CUTTING LENGTH RATIO Lc/Ls up milling is perhaps the only one which, by virtue of its 
(Material, §.A.E. 1112; depth of cut, 0.005 in.; speed, 51/2 in. per min) characteristics, offers such a possibility. 
Surface no. Cutting fluid Le/Ls Magnification 4 Bt ee : 
1 Gaibonitctachioride 0.493 X75 The statement has often been made that the incipient motion 
Fe eae ne ee ay of a milling-cutter tooth into the work is accomplished by a 
4 Puente’ “ 0.250 X75 momentary sliding for a certain distance, depending upon the 
5 Benzene 0.213 x75 


hardness of the metal being cut and on the rigidity of the cutter 


when the remnant of the built-up edge will pass off with it, Fig. 3. and work support. 

In up milling, the fragments of the built-up edge appear always From Fig. 24, however, it will be seen that a tooth contacts 
along that portion of the tooth path which will be removed by the work at a point # on the ascending portion of the path 
subsequent teeth. Therefore, it is quite evident that a machined generated by the previous tooth with an angle of approach ¢. 
surface, having a desirable quality of finish, can be produced This angle is included between the tangent to the curve at 
by duplicating indefinitely the conditions obtaining at the very E and the horizontal tangent to the points such as D’ and C’. 
beginning of the cut; and, of all known metal-cutting processes, The value of this angle can be determined from the equation 
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. 20 (2Rd — a)” 
= tan. > eee 
pee OP Ie ior [8] 


where 
¢ = angle of tooth approach to work, radians 
R = radius of cutter, in. 
d = depth of cut (instantaneous), in. 
F, = feed per tooth, in. _ 
T = number of teeth in cutter 


The depth of cut h, obtaining at this point, is equal to the depth 
of the tooth mark. It will be seen that this angle at this instant 
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) is small but not zero, as is usually believed to be the case. There- 
fore, a small angular displacement a of the tooth will result 
with respect to the position C’, where the tooth is moving in 
the direction of the tangent, D’-C’. Incidentally, Equation [8] 
may be used to determine the angle of approach obtaining at 
any other point of the tooth path. 

For this reason, the tooth approaches and contacts the work 
while moving in a downward direction, until the point C’ 
is reached, where the upward movement of the tooth begins. 

Furthermore, at the beginning of the cut, the thickness of the 
chip is extremely small, and the length of the cutting edge 
engaging the work at this instant is usually short for the following 
reasons: 

1 Because the majority of cutters used in milling have either 
helical teeth with the full length of the cutting edge at a constant 
distance from the axis of rotation (spiral mills), or straight teeth 
parallel thereto, but with their cutting edge following a line, the 
points of which are at variable distances from the center of rota- 
tion of the cutter (formed cutters). In either case, there results 
a gradual engagement of the tooth. 

2 In the cutters where the teeth and their respective cutting 
edges are parallel to the axis of rotation, the length of the cut- 
| ting edge is inherently limited by their particular use (slotting 

\ cutters and saws). 

3  Eyen in those cases (now rare) in which wide straight-tooth 
milling cutters are used, a full length of contact of the cutting 
edge at the beginning of the cut can be assured only by grinding 
the teeth exactly to the same dimensions. Obviously this is a 
practical impossibility. Therefore, however small-the variations 
in the distance and alignment of each cutting edge relative to the 
axis of rotation and the fact that each tooth always engages the 
surface generated by the previous tooth, a limited actual length 
of engagement with the work at the beginning of the chip will 
usually result. 

4 Since the teeth of a milling cutter are ground to a sharp 
_, edge, the area of contact will be exceedingly small. Hence, for ma- 
terials the hardness of which is within the machinable range, 
the force applied thereto for producing the intensity of stress 
needed to cause the material to yield in a plastic manner will 
also be very small, and penetration of the tooth into the work will 
readily ensue upon contact. 

In view of the foregoing reasons, it is unlikely that sliding 
of a tooth on the work will ever occur in practice. 

It might be argued that, under actual operating conditions, 


the point of engagement of a tooth is usually very close to the 
point C’, Fig. 24, of maximum distance from the center of the 
cutter and, therefore, a momentary sliding may be expected. 

In the photomicrograph, Fig. 25, in which is shown the cross 
section of a chip and the adjacent portion of the work at a 
magnification of 600, there is no evidence whatever of sliding. 
The minimum thickness of this chip is 0.0003 in. and its length 
0.00625 in. This proves, incidentally, that a tooth of a milling 
cutter can pick up a very thin chip. The beginning of the chip 
would he placed in the neighborhood of point A for a cutting 
ratio of 0.5. From an inspection of this illustration, it appears 
evident that the crystals, of combined carbon and ferrite adjacent 
to the freshly milled surface, show only very: slight indication of 
local distortion by the action of the cutting edge of the tooth. 

In the region A, where the chip began to form, we fail to see 
a discontinuity in the surface, which may be taken to indicate 
either sliding or rubbing of the tooth on the work, or sudden 
digging in, coincident with the picking up of the chip. The chip 
itself shows, in remarkably clear detail, the crystals composing 
it. These crystals have maintained their identity intact during 
the process of being severed from the main body of the work. 

The clean-cut outline of the finished surface, and the side of 
the chip which contacted the face of the tool, suggest that a rather 
small work of plastic deformation was involved during the forma- 
tion of this portion of the chip. 

Thus, it appears certain that in up milling the cutting edge of 
a tooth will not slide on the work, but will actually cut as soon 
as contact between the work and tooth is established. 


CLEARANCE AND RakE ANGLE 


In analyzing the trochoidal tooth path generated in milling, 
it was not necessary to consider the shape of the tooth, since in 
this case it was sufficient to assume a point on the edge thereof 
at the maximum distance from the geometric center of the cutter. 

In actual milling, however, a tooth has definite dimensions, 
and its geometric shape must conform with definite requirements, 
among which are the following: 

(a) The contact between cutter and work must be established 
on the cutting edge of the teeth, and at no time should interfer- 
ence develop between the body of the tooth and work. 

(b) On account of requirement (a), the flank of a tooth should 
be located on a plane deviating from the tangent to the periphery 
of the cutter, by an angle A, known as the “clearance angle’”’ or 
“relief.”” 
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(c) To improve cutting action, the face of the tooth is formed 
by a plane which deviates from a radial plane by a small angle 
Q known as the “rake angle” or ‘‘undercut.” 

(d) The angle included between these two planes (which 
intersect each other on the imaginary line constituting the theo- 
retical edge) is the tooth angle. This is always less than 90 deg. 

The relative position of these angles is illustrated in Fig. 26. 

The clearance angle, therefore, is provided for the specific 
purpose of preventing an interference between the flank of the 
tooth and the surface of the work. It also has an important 
function, i.e., that of limiting the area of the flank exposed to 
the action of the fragments of the built-up edge escaping with 
the work. It has no particular influence on the power required 
to remove metal. This angle must be made sufficiently large to 


4 Die Werkzeugmachine, December 15, 1929, p. 483. 
5“Blements of Milling—Part 2,” by O. W. Boston and C. E. 
Kraus, Trans. A.S.M.E., vol. 56, 1938, paper RP-56-1, Fig. 5, p. 358. 
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take care of the condition of operation of a milling cutter and | 
thus prevent rubbing on any portion of the tooth path. 

The rake angle has a determining influence upon the type of | 
chip produced, the pressure, and temperature at the cutting edge 
of the advancing tooth, and on the power required in the removal of | 
the excess metal. The relationships between the rake angle 
temperature and power are shown in Figs. 27 and 28. 

A large rake angle is known to ease the flow of metal along the 
face of a tooth, to reduce the cutting temperature, and to favor | 
the formation of a continuous chip with a small built-up edge, | 
and to lessen the rubbing pressure of the chip on the tool and the 
abrasion resulting therefrom. As a general rule, with an increase 
in rake angle, a longer tool life, a better finish, and more efficient 
metal removal may be expected. In practice constant rake | 
angles greater than 20 deg are seldom used, except in the case of 
aluminum alloys, since the improvement obtained therefrom — 
may be in some cases offset by an early breakage of the cutting 
edge of the tooth, resulting from the combination of the wearing © 
away of the nose of the tool, higher local temperature, and de- 
carburization of the material of the tool point. 

In a milling cutter, the clearance and the rake angles are by - 
no means constant; they are affected by the ever-changing 
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position of the tooth, and by the curvature of the tooth path. 
This is illustrated in Fig. 29, showing a tooth in three different 
positions. It is apparent that the following relation exists among 
the various angles in the three different positions of the tooth 


Q = © < %& < Q 
A = Ay 2a Ag = AG 


where 2 and A are the original rake and clearance angles of the 
cutter. 

The actual rake angle or undercut in any point in ‘the tooth 
path is the angle included between two lines, viz., the parallel 
to the face of the tooth, and the normal to the trajectory of the 
tooth at the point under consideration, as is indicated in the case 
shown in Fig. 26. Since the angle 8, included between the radius 
R of the cutter and the radius of curvature p, varies continuously 
along the path of the tooth in the manner indicated in Equation 
[9], a variable rake angle will result from the beginning to the 
end of the engagement of the tooth with the work. Since 
the teeth of a milling cutter are provided with a rake angle Q, the 
actual rake is, therefore, obtained by adding to it the angle 8; 
but 


R—d 2rV2Rd—d? 
pes = eee tana wale 
Reais ar ional Manito E (R—d) +F, Al ‘4 


. zero. 
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hence 


2, = actual rake angle = Q 


34 ee FA 
2 (R—d) +F,T erat 


By means of Equation [10], it is possible to compute the actual 
rake angle obtaining under given cutting conditions. It will be 
found that, in ordinary cases, the increase in the rake angle is 


+ cos“! 


_ of the order of only a few degrees. 


The clearance angle is determined by the amount that a tooth 
path deviates from a circle, Fig. 26, and is measured by the 
angle 8, made by the radius of the cutter and the radius of 
curvature p. 

If the path were circular, the radius of curvature would co- 
incide with the radius F of the cutter, and the angle 8 would be 
Hence, the minimum angle required is the angle 6. This 
is obtained from the following equation in which the angle 8 is 
expressed as a function of the variables of the cut 


Minimum clearance angle = 8 


D8 gal | ai 
R 2r(R—d)+F,T 


The actual clearance angle at any point of the tooth path is 
the result of the difference between the original clearance angle 
A, ground on the flank of a cutter tooth, and the value of the 
minimum clearance 8 obtained with Equation [11]. 


A, = actual clearance angle = A 


QnV/2Rd—d? R= 
tan7} a 
ae a | eee 


At the point O, where the tooth is tangent to the path, the 
minimum clearance angle is zero, and the actual clearance as- 
sumes the value of the original clearance angle. As the depth 
of cut increases, the actual clearance will be reduced by the 
increasing minimum clearance angle, and eventual rubbing on 
the flank of the tooth will develop when the two angles are equal. 

Therefore, Equation [11] can be used to compute the minimum 
theoretical clearance angle required for any particular job. To 
this must be added a small angle to allow for the slight expansion 
of the material of the newly formed surface, and of the fragments 
of the built-up edge escaping with the work. It will be found 
that, on the basis of this formula, the clearance angle will assume 
values far below those which are now accepted in shop practice. 

Tests which have been conducted to prove the validity of this 
formula, however, confirm the desirability of using small clearance 
angles of the order indicated by Equation [11]. This has been 
corroborated by actual application to difficult cutting jobs. 
Charts based on this equation, showing the clearance angle re- 
quired for a given cutter diameter, depth of cut, and feed rate, 
can readily be prepared for use in the shop. 

It is advisable to provide the teeth of a milling cutter with the 
clearance pertaining to given operating conditions rather than to 
use a comprehensive angle for all possible applications of the 
cutter. 

The changes, occurring in the actual clearance and rake angles 
in a tooth of a milling cutter as it travels along its path, are im- 
portant in so far as they affect the quality of finish, the power 
consumed, and the life of the cutter. 

The derivation of Equations [10] and [11] is given in Appen- 
dix 1. 
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The total length of engagement of the tool with the work, 
necessary to complete a machining operation, together with the 
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concomitant abrasive action on the cutting edge by the newly 
generated surface and the fragments of the built-up edge passing 
off with the work, has a determining influence upon the life of 
the cutting tool. In milling, only a small fraction of the actual 
milled surface, approximately equal to the feed per tooth, is 
used to form the finished surface; the remainder is removed by 
the tooth following, and is, therefore, completely lost. 
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Consequently, a minimum actual length of tooth path is a 
desirable goal. This length is a function of the variables of the 
cut, as expressed in the equation 


| oe 


d 
= -1 weve A BNIE 
L R cos (: ) + (Dd — d*) ’*.,.. [13] 


where 
L = length of tooth path, in. 
d = depth of cut, in. 
F, = feed per tooth, in. 
D, R = diameter and radius of cutter, respectively, in. 
T = number of teeth in cutter 


The derivation of Equation [13] is given in Appendix 2. 

For any given condition, in which the depth of cut and the 
feed rate are known, the only variable on which we can operate 
to reduce L is the diameter of the cutter and the number of teeth. 
The feed per tooth, in accordance with the foregoing analysis, 
should be maintained as large as is consistent with the operating 
conditions of the job in hand. 

A typical example illustrating the results obtained in the 
application of Equation [13] is shown in Fig. 30. From this 
chart, we can get some general idea of the advantage obtained in 
limiting the amount of stock removal to a minimum consistent 
with the design and the method of manufacturing a given part. 

Assuming the cutting conditions, as shown in Fig. 30, and 
further, that the piece to be machined is 12 in. long, and that 
the feed per tooth is 0.021 in. with a 10-tooth 4in-diam spiral 
mill, and 30-fpm cutting speed, then the total number of engage- 
ments made by a single tooth, per piece milled, will be 


12 


es 57 
10 X 0.021 


If the depth of the cut is 1/, in., then from Fig. 30, the length 
of tooth path will be 1.04 in. and the total length of surface 
milled by a tooth will be 57 X 1.04 = 59.28 in. If the depth of 
cut is reduced to 1/s in., the length of tooth path will be 0.72 in., 
and then the total length milled per piece will be 57 X 0.72 = 
40.47 in. This means that the total length of surface milled per 
tooth in the latter case will be 18.81 in. shorter than the length 
milled in the former case, under otherwise similar cutting condi- 
tions. If the number of pieces milled were 100, then the total 
saving in milled surface will amount to 1881 in., or approxi- 
mately 157 ft. Furthermore, by reducing the depth of the cut, 
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the thickness of the chip (and thus the work done by it) is like- 
wise reduced. 


THICKNESS OF UNDEFORMED MiLuine CHIP 


Knowing the conditions of the cut and the length of the tooth 
path, it is now possible to determine the average thickness of the 
undeformed chip. This can be readily accomplished by con- 
sidering the equivalence between the areas of the rectangle 
A-B-C-D (the sides of which are equal to the feed per tooth 
F, and depth of cut d), the parallelogram A-B-C’-D’, and the 
geometric figure A-N-D’-C’-N-B. This area, less the area of 
the triangle D’-E-C’ is equal to the area H-A-B, which is the 
area of the cross section of the undeformed chip, Fig. 24. 

However, the area of the triangle D’-H-C’ is nearly equal to 
hX F; 

2 
determined by Equation [5], we can disregard the effects of this 
area on the total area of the undeformed chip. Consequently, 
we can write 

Area of undeformed chip section = 


(ASB-B)) == Hi Xa eo eeteitefiee secretes [14] 


and, due to the very small value of the quantity h, as 


Average undeformed chip thickness = 


where L is the length of tooth path, as given in Equation [13]. 

The variation of the average undeformed chip thickness ob- 
tained in a specific case, and as a function of the depth of cut, is 
shown in Fig. 31. 

The average thickness of the undeformed chip can be used to 
advantage in determining the cutting ratio, namely, the ratio 
between the length of the actual chip and the length of tooth 
path, and in estimating the amount of metal removal by a single 
tooth. Since, in the measurement of either the power or the 
force involved in a cutting process, average values are generally 
obtained, it appears more logical to refer these values to the 
average thickness of the undeformed chip, which is a function of 
all the variables of the cut, rather than to only one of these 
variables, as in the case shown in Fig. 10. Here, the efficiency 
of metal removal is shown plotted against the feed per tooth. 
These data, replotted on the basis of the undeformed cross section 
of the chip, are shown in Fig. 32. 

By plotting the efficiency of metal removal (cubic inches per 
minute per horsepower input to the machine) against the average 
chip thickness, tave, the difference between the efficiency obtain- 
ing in two extreme cases, such as 1/32 in. and !/2 in. depth of cut, 
is considerably less than on the basis of the feed per tooth F;. 
If the efficiency of metal removal is computed on the basis of 
power consumed at the cutter, then the efficiency obtaining under 
the various cases represented in Fig. 83 tends to disappear 
and a single curve could be used to cover the range of depth of 
cut shown therein. In this case, the average chip thickness 
could be used in establishing the relationship between the condi- 
tions of the cut and the corresponding power required. 

This was done for the values shown in Fig. 33, and the follow- 
ing empirical equation was obtained 


7H — Nes 74 taweneee g:aWaba) (elleMe iol (pi'n see) .«, 1df'e, mb [16] 
where 
E = metal removal, cu in. per min per hp at cutter 
lave = average thickness of undeformed cross section of chip, 


in. 
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INSTANTANEOUS THICKNESS OF UNDEFORMED Mi.uine Cup 
The instantaneous radial thickness of the undeformed cross 


TRANSACTIONS OF THE A.S.M.E. 


NOVEMBER, 1941 


section of the chip, however, is one of the basic elements of the 
milling process. This is a segment intercepted by two consecu- 
tive tooth paths on the normal to the point of the tooth path 
under consideration. In the case of a circular tooth path, Fig. 
34, the instantaneous radial thickness MN is a segment of the 
radius of the cutter, while in the case of a trochoidal tooth path, 
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Fig. 35, the segment 7,” 7.’ is part of the radius vector p2 (on 
the radius of curvature) normal to the point 7,’ and limited by 
the instantaneous center of rotation C; and the point 7's’ on the 
tooth path. 

The corresponding analytical expression, for the case in which 
the path of a tooth is assumed to be circular, is known, but will 
be derived here in the form which has been found to be more 


hi suitable for comparison with that for the trochoidal tooth path. 


From the geometry of Fig. 34, and for the position M of tooth 
2 therein indicated, the following equation has been derived for 
the thickness t, of the cross section of the undeformed chip with 
the assumed circular path 


t, = Rk + F, sin a. — (R? — F cos aCe, a ald 


The derivation of Equation [17] is given in Appendix 3. The 
angle a2 appearing in this equation gives the angular displace- 


na fn Ato 


mut 
serey' 


BASE LINE 


MAXIMUM 
dm DEPTH 
OF CUT 


, INSTANTANEOUS 
epee OF CUT 


<<} 
T T, 
1 ee pa 2 


Fie. 35 InsTanrTangrous Tuickness (t) oF UNDEFORMED Cross 
SEcTION OF CHIP 
(Actual tooth path.) 


ment of the tooth 2 with respect to the vertical drawn from the 
center B’ and corresponding to the position M, of the tooth. 
This angle can be obtained from the known data as follows 


(2 Rd — d’)'/* — F, 
(R? —2F,(2Rd— d)/? + F7 


. [18] 


a2 = sin“! 


where 
R = radius of cutter, in. 
d = instantaneous depth of cut at point N, in. 
F, = feed per tooth, in. 


It has been found, however, that for the values obtaining in 
practical milling the expression under the radical in Equation 
[17] is approximately equal to R?, hence a simplified form of 
this equation is 


Substituting in this equation the expression for the angle a, 
obtained in Equation [18], the following equation for the thick- 
ness ¢, is obtained ~ 

(2 Rd — ad’)? — F, 
[R? —2F,(2Rda—d)/? + F2)'? 


t, = F, 


A similar equation can be derived for the thickness ¢ of the 
undeformed cross section of the chip, obtaining when the true 
path of the milling-cutter tooth is considered. From the condi- 
tions represented in Fig. 35, and for the position T:' of the tooth 
2, the expression for the thickness at this point b is 


te = p2 + Aisin 0 — (p,2 — Aj? cos 6?)'/?....... [21] 


This is a more general equation of the thickness of the unde- 
formed cross section of the chip, since it includes the approximate 
case of the circular tooth path. In fact, Equation [17] can be 
obtained directly from Equation [21] by eliminating, in this 
equation, the terms containing r, the pitch radius of the pinion. 
In Equation [21], the thickness ft. is expressed as a function of 
the distance p2 from the center of the instantaneous rotation 
C; to the point T,’ on the path of the tooth (2), the distance p; from 
the instantaneous center of rotation D; to the point 7,” of the 
path of the tooth (1). These segments are, therefore, normal to 
the tangent to the path at their respective points 7’ and 7,”. 
The thickness t; is also a function of the angle @ made by pz 
with the vertical drawn from the center of instantaneous rotation 
C,, and of the quantity A,, which is the distance between the 
center D; and C\. 

When Equation [21] is used within the limits of practical 
milling operations, it can be simplified without greatly affecting 
the values obtained therewith. It will be found, therefore, 
that the term under the radical sign may be assumed equal to 
p.2 and that pi can be taken equal to pz. Hence Equation [21] 
will assume the form 


re PAR SITIO eee SRO okie [22] 
but, since 
‘ R sin ay 
Sin Ga 
p2 
it follows that 
A, R si 
ee ee [23] 
P2 


The quantity p2 is a function of the variable of the cut, as in- 
dicated in the equation 


po = (r? + R2+2rR cos m)'/*........... [24] 


In Equation [23] the thickness f2 is expressed as a function of 
the variables of the cut in which are included the angles a; and 
a. The independent variables in a practical case are the feed 
rate, depth of cut, and diameter of the cutter. Of these variables 
the one which determines the value of the angle a; and a: is the 
depth of cut (refer to parametric Equation [2]). At any instant, 
this is given by the maximum vertical distance from the point 
T,” to the finished surface of the work. Eventually this will 
assume the value dm, the actual depth of cut, which corresponds 
to the maximum thickness of the undeformed cross section of the 
chip. When the distance d of point 7” is used as the independent 
variable the angle a; can be determined. It is, however, neces- 
sary to determine the relationship between the angle a and the 
angle a. An approximate relationship between these two angles 
can be found by considering the change occurring in both angles 
as the tooth 2 travels along its path. 

For the position 7’, of the tooth 2, the angle a2 is zero, while 
the angle a, has assumed a value determined by the angular 
displacement required to bring the radius & from the position 
T, to T;’.. Coincident with the rotation of radius A, there is a 
translation of the center B, of the cutter to B,’ along the line 
of centers by an amount r a, resulting from the motion of the 
pinion on the base line. The value of a at this particular in- 
stant can be readily determined from the parametric Equations 
[2] by assuming that sin a is equal to the arc a, and this in turn 
equal to y. The justification for this assumption is found in 
the fact that the angle a; is, in this case, very small. After 
making the necessary substitution and solving for y there results 


Ft 


,= 
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The distance A between centers B,’ and Bz, which was origi- 
nally equal to F,, is now 


As tooth 2 proceeds along its path, the angle y changes and, 
for the new position B,” and B,’, the centers B; and By, of the 
cutter assume a new value y’, which is equal to the difference 
between ai’ and a2 


When tooth 2 has reached the position 72”, a1 and a2 are equal, 
hence y vanishes. Therefore, the following positions are possible 


a = 0 yY =a A=F,—ra 
Q2 = a2 yy’ = ay! = 2 Ay = F,— r(ai’ — a) .[d] 
a= yx" =0 Aaah 


Assuming a linear variation for the angle y between the point 
T, and T,” in which the angle a2 varies from zero at 7’, to ap- 
proximately 7/2 at T.”, any intermediate value y’ of y, will be 
obtained as follows 


But from Equation [c], and with the further approximation 
a = 8, there results 


The angle a,’ which appears in this equation is a function of the 
independent variable d (instantaneous depth of cut) and is 
obtained by solving the second equation of the system [2]. 
Hence 


Therefore, from Equations [a], [g], and [f], the value of a» in 
radians is obtained 
R—d 


-1 
(r + R) cos R 


—F, 


2 
tay Fee 


By making the necessary substitution in Equation [d], the 
quantity A can be expressed as a function of the given variables 
of the cut 


2 R 
Dar eee R 3 


2 
agony 28 


Returning now to Equation [23], it is possible to substitute 
for the quantity 2, a2, and A, their corresponding expressions, 
Equations [24], [25], and [26], which have been obtained in the 
foregoing analysis. The result is 
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fpm; cutter, spiral mill, 4T, 2 in. diam; cutting speed, 63 fpm.) 


The results of the actual power consumed at the cutter with 
a standard spiral mill on cast iron and §.A.E. 1112 steel have 
been plotted in Figs. 36 and 37, against the radial thickness 
t, and ¢ of the undeformed section of the chip, obtained from 
Equations [20] and [27], respectively. 

On the basis of equal power consumed, it is only when thejfeed 
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rate is unusually high that the difference between ¢ and ¢, and, 
consequently, the error in evaluating the thickness, will be 
increased if Equation [20] is used. ; 

Although the difference between ¢, and ¢ becomes increasingly 
greater as the feed rate is increased, this does not justify the use 
of the more complicated expression for ¢, given by Equation [27]. 
Therefore, it is suggested that the simpler Equation [20] be used 
in practical application. Particularly appropriate is this choice 
-) when we consider that in actual practice the values of ¢ range 
between 0.001 and 0.01 in. In this region, the error in the 
evaluation of ¢ is negligible. 

It is customary to use the feed per tooth as a criterion in 
estimating the tooth load on a milling cutter. This, however, 
in the light of the information contained in HKquations [20] and 
[27], supplemented by the example illustrated in Fig. 38, leads 
to incorrect appreciation of the actual thickness of the metal 
being removed by a tooth. 

The feed per tooth is determined by the feed rate of the work, 
the number of teeth, and revolutions per minute of the cutter, 
' Equation [7]. As long as these are maintained constant, a 
change either in the depth of cut or the diameter of the cutter 
will not affect the feed per tooth; a change, however, will result 
in the radial thickness of the undeformed section of the chip. 
Moreover, when the feed per tooth is increased, the corre- 
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sponding radial thickness t, becomes progressively smaller than the 
feed per tooth. The foregoing conditions are illustrated in 
Fig. 38. Since the radial thickness ¢, determines the depth of 
the section of metal which is directly under the action of the 
advancing tooth, this is a truer indication of the work involved 
during the process of forming a chip than the feed per tooth. 


HorizonvTau AND VERTICAL COMPONENTS OF THE CurrinG Forcr 


Of particular interest is the relationship between the radial 
thickness ¢, and the experimentally determined average values 
of the components of the cutting force R in the direction of the 
feed and normal thereto. 

In the vector diagram, Fig. 39, showing a milling-cutter tooth 
in the process of forming a chip, these forces are indicated by 
vectors H and V, respectively, and they are shown as applied 
to the work. 

Their resultant B can be solved in two components, S and N, 
parallel and normal to the face of the tooth, respectively. 

From the known value of R and knowing the angle y made by 
N with the horizontal, it is possible to determine the intensity 
of N and S. 

The angle y, however, is equal to the sum of the angle ¢ 
(Equation [8]) made by the tangent to the tooth path with the 
horizontal and the actual rake angle 2, both of which vary with 
the position of the tooth along its path. 
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Since the intensities of the vertical and horizontal components 
of R are average values, it is therefore sufficient in many cases 
to assume also an average value for y. 

Hence, the corresponding intensities of N and S could be 
computed from the known values of H and V. These, for the 
case of slab milling on cast iron and §.A.E. 1112 steel specimens, 
are given in Figs. 40 and 41, respectively. The values of the 
forces were obtained by calibrating with known loads the struc- 
ture of the milling machine on which these tests were conducted. 
This method offered the advantage of operating under conditions 
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identical with those obtaining in practice and, furthermore, of 
increasing the reliability and accuracy of the results by the 
simplicity and rigidity of the setup. 

The values obtained indicate that: 

(a) With good approximation the horizontal and vertical 
components of the cutting force are proportional to the maximum 
thickness t of the undeformed cross section of the chip. 

(b) The horizontal component increases rapidly with the 
depth of cut. 

(c) The intensity of the vertical component is considerably 
less than that of the horizontal component. Furthermore, the 
vertical component shows a marked tendency to remain un- 
changed at shallow depth of cut and eventually to decrease and 
possibly become negative with deeper cuts. 

In the case of !/, in. depth of cut on cast iron, Fig. 40, this 
decrease of the vertical component begins with a value of 
t, = 0.006 in. 

For depths of cut above 1/s in., a reversal of the direction of 
the vertical component may take place as the tooth approaches 
the end of its travel through the work. 
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CoNCLUSIONS 


In the analysis presented, it has been shown that the path of 
a milling-cutter tooth is an are of a trochoid, the parametric 
equations for which can be derived from known variables of the 
cut. 

Thus the milling process may be approached from a mathe- 
matical viewpoint. This is particularly helpful in the evaluation 
of such elements as the radius of curvature of the tooth path, 
the clearance and rake angles of the length of the tooth path, the 
radial thickness of the chip, and their effects upon the quality 
of milled surface, power consumed, and cutter life. This method 
of analysis, supplemented with actual photomicrographs of 
surface and chip, has been used to prove that a tooth of a milling 
cutter will not normally slide on the work but will actually 
penetrate immediately upon contact. 

Furthermore, it has been shown that, in the up-milling process 
a good quality of machined surface is usually obtained. 

When comparing different milling methods, it will be found 
that a better perspective of the advantages and disadvantages 
inherent in each method will be obtained by resorting to a more 
accurate determination of such elements as the length of tooth 
path, the actual clearance and rake angles, and thickness of the 
undeformed cross section of the chip. 

In metal-cutting problems, it is always necessary to weigh a 
number of factors in relation to the desired result; this may be 
either economical operations of the machine, long tool life, or 
quality of finish on the machined surface. The proper solution 
of this problem may be greatly aided by a better understanding 
of the inherent operational functions of the basic elements of the 
process chosen for carrying out a given machining operation. 
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Appendix | 


The derivation of an expression for rake and clearance angles 
is given as follows: 

In the instantaneous position of the tooth, shown in Fig. 26, 
the actual rake angle is 


=2+8 
But Q is the known rake angle of the tooth and 
ES oS eG 
From Equation [2] 
I xe) 


~ a =cos ! 


and ¢ is the slope of the tangent to the curve, given by 


dy/da 
dz/da 


tan ¢d = 


Differentiating Equation [2] with respect to the parameter a, 
and then replacing y with d 


é SSN 2 8d —d? 
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Substituting for r, the expression obtained from Equations [1] 


and [7] 
tV2Rd—d 
tan ¢ = 
2a (R—d)+F,T 
and 
if shane aV2Rd—d 
2a (kR—d)+F,T 
Therefore 
OE PL QnV2Rd—@ 
= co an 
2a (R—d)+F,T 
The actual rake angle is 
R—d 2 2Rd—d? 
Q; = 2 + cos“? = igi" nV’ 


(Rae hae 


Since the actual clearance angle is 


AQ = Aj 8 
it follows 
IrV2Rd—@ R=a 
A, = A+ tan“! — cos™} 
2 1 OU oI tr aL 


Appendix 2 


The derivation of the length of tooth path is as follows: 
The differential of the arc of trochoid from parametric Equa- 
tions [2] is 


(gn = \/(r + R cos a)? + R? sin? a X da 


also 


27rR 
i= Ve+R i+ pL EIST 1p, 


r? + R2 


2Rrcos 
Developing V 1+ aegis in binomial series, and disregarding | 
Zs 


the terms of higher power than the first 


oe VAT 1 +g soon a | x da 
Integrating between the limits a =0, a=a 
pe [vere |i + ee came 


=Vr+ RX at 


= sin Qa 


eae ro 
If r? is disregarded, then 
L=Ra+t+rsina 


From Equation [2] 


pe R cost = pat Vika 


Appendix 3 


The derivation of Equation [17] is as follows: 


From Fig. 34 
t, = R— R’ 
R= R sin (90 — ai) Reos a 
i COS Az COS Q2 
But 
Oy = Ap — € 
and 
am =et+a, 
|. therefore 
R = R cos (a2 + €) R COS a2 COS € — SiN a: SiN € 
COS Qe COS Qe 
Sin 2 Sin € 
12 os 6S 
COS Qe 
Since 
: F, cos a 
Gu eS SS 
R 


Salt F? cos? a2 1 Ripe NOE oe 
cos € = R? =P R? — F,? cos? ae 


eee & ties’. .F a Gast) 


R R cos az 


ll 


/R? — F,? cos? a2 — F;, sin a 
and 
t, = R + F, sin a, — V R? — F/ cos? ag 


The derivation of Equation [21] follows: 


From Fig. 35 
to = py— pe’ where po! = CT)" 
but 
; pi sin B 
Pt 
sin (90 + 6) 


and 
Bg = 1890— {90+ 6 + «} = 90— (9 + ¢) 


where 

e= Cyl" Di and B = Te DiC} 
therefore 
, _ 01.008 (8 + €) 


is cos 6 
Upon substitution 


feos {@ + ©) zi 
cos 6 


sin e X sin 0 
cos 0 


te = p2— p1 p2— pi COS € + pi 


Since 
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Discussion 


O. W. Boston.6 This analysis of the actual curvature of 
travel by the tooth point of a plain milling cutter as it removes a 
chip, having a definite depth of cut and feed as it deviates from a 
true circular path, is very interesting. Such analyses have been 
made previously by Dr. Eng. C. Salomon,’ who presents a new 
theory of metal removal by milling, and by N. N. Sawin.® 

For all cutters which cut on the periphery of the tooth, the 
length of the chip removed by each tooth depends principally 
upon its diameter and the depth of cut, as the feed per tooth is 
relatively very small in comparison. Fig. 42 of this discussion 
shows an end view of plain- or side-milling cutters removing chips 
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Fic. 42 GrapHicaL ANALYSIS OF Coie FoRMATION WHEN MILLING 
Up anp Mitiuinc Down Wirn Coars&- AND Fine-TooTH CuTrTERS 


(With thick chips removed more efficiently, from a power standpoint, than 

thin chips, it is seen that the 4-tooth cutter is more efficient when cutting 

down at B than when cutting up. It is seen, also, that the fine-tooth cutter 

is more efficient when cutting down at D than when cutting up. Further, 

it is seen that the fine-tooth cutter when cutting down is more efficient than 

the coarse-tooth cutter when cutting down, the feed per tooth in all cases 
being the same.) 


by the peripheral cutting edges of the teeth. The cross-hatch 
area at A indicates the sectional area of the chip removed by a 
single tooth. The feed per tooth, exaggerated, and the depth 
of cut are indicated. The tooth comes in contact with the sur- 
face of the work at the point X and leaves the work at the point Ye 
The curve XY is that discussed by the author. The tooth point 
rubs over the surface of the work at the point X as the material is 
fed to the right, as indicated by the arrow, while the cutter ro- 
tates clockwise until the normal force between the tooth and the 
work is sufficient to cause the cutting edge to dig in. If the cut- 
ting edge is dull, a considerable force between the work and cutter 


6 Professor of Metal Processing, University of Michigan, Ann 
Arbor, Mich. Mem. A.S.M.E. 

7*Die Frisarheit,’’ by C. Salomon, Werkstattstechnik, vol. 20, 
1926,epp. 469-474. 

8 ‘‘Theory of Milling Cutters,” by N. N. Sawin, Mechanical Engi- 
neering, vol. 48, 1926, pp. 1203-1209. 

Nore: The articles of ref. (7) and (8) are abstracted in ‘‘Bibliog- 
raphy on the Cutting of Metals,”’ A.S.M.E. 1930. 
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is necessary before a chip starts to be formed. The thickness rather that a formula for energy in foot-pounds per chip is 
of the chip at right angles to the path of the cutting edge is H# = C wf? d’, where C is a constant and w is the width of cut in 
practically zero at the point X, and reaches maximum at the 


point Y. The cross-sectional area of the chip removed is equal 6 baa rae Vaernece Depts eae 
to the product of f, the feed per tooth in inches, multiplied by d, ed bee Peer ea eae ethene on 9 9//| ae 


the depth of cut in inches. If the diameter of the cutter in 8 


Deere of Cur Y AA 3 i . 6 
inches is D, the average thickness of the chip removed is JSON | A Hesse a 
ys LA J | FEEO 0/01. | Y | ie 
d d r 
IMAM CL = lea 
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The horizontal length of the cut as indicated by L4 = ~/d(D — d). 
From the A.T.C. formula, it is found that the average thickness 
of chip having a feed equal to f, and a depth equal to d, is 
less than the average thickness of chip having a feed equal to 2f 
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and a depth equal to -, even though the cross-sectional areas of E Th 
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the two chips are equal. EB 


The author has used average thickness of chip as a basis for 
comparing power or energy determinations. This was pre- 04 005 006 = 008.010 050 060 = 080.010 /50 
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viously done by Parsons. The writer has proved to his satis- 
y y Pp Fig. 43 Enerey at Toot Pornt REQuIRED IN Foort-Pounps PER 
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““ . : b (Operation of milling brass with lard oil and a side-milling cutter 0.347 in. 
* “Power Required for Cutting Metal,” by Fred Parsons, Trans. wide, 3.5 in. diam, and 15-deg rake; when milling up, solid line, andjwhen 


A.S.M.E., vol. 45, 1923, pp. 193-227. milling down, dashed line.) 


TABLE 2 NET ENERGY AND HORSEPOWER FORMULAS, WITH VALUES OF THE CONSTANT 
C, FOR MILLING DIFFERENT HS ee UP AND DOWN, WITH VARIOUS CUTTING 
DS 


(Formula: E = Cwf?d¥, in which, C = constant for cutter, material, and cutting fluid; E = energy in foot- 
pounds per chip; w = width of cutter in inches having 15-deg. rake; f = feed ininches per chip; and d = depth 
of cut in inches) 


———Formulas Values of C . 
Matenial cut Energy, ft-lb. Hp. per cu. in. Hp./cu. in./min.? Oil® . 
per chip per min. Up Down No. Up Down 
1.388 1.169 1 5520 4650 
C 1.084 0.952 4 4320 3790 
S.A Att BC a! = 33, 000 ge ana at 10nd! WEoaao We RascONha Ibo 
.A.E. 1020 steel, A-1...... Z 2 i # 3 Ne 1.043 4150 
both up and down 1.043 0.980 8 4150 3900 
0.930 0.854 10 3700 3400 
eo Cwf?-78 go = BS Se (Up) 0.936 5 6800 
Cold-rolled low-carbon steel 33,000 fo. 7 d?-13 
own: Cc 
E= Cwf?-81 0-87 i 33,000 0-38 qo-13 (Down) 0.775 5 oe 4260 
Cc 1632 7m US 1 11000 10600 
S.A.E. 3150 steel (KF)..... E = Cwf0-0d10 = 33,000 fo 1.180 1.082 10 9780 8980 
mi Cc 1.44 1.52 1 10630 11220 
S.A.E. 6140 steel (A-13).... E = Cwf?-72 do.%0 = 33,000 fo % qo.10 1.348 1.427 8 9950 10520 
Free-cutting screw-stock : ! = SC 
steel (No. 414).......... Gime tt OS As = SS 00g ysarails PPE see ah EE MAS SREY 
f a Cc W437 71/525 1 9700 10400 
High-speed steel........... Fe ENS 35000 fF Gui 1.437 1.525 8 9700 10400 
4 G 
Cast iron (CF) Ce sesercvene Ee= Cwf?.41 9.58 = 33,000 0.80 doa 0.685 0.740 1 595 643 
Leaded screw-stock brass Cc 0.381 0.358 5 3830 3600 
(BE). Aaa ne ng ci ETT TUE OL az) 0.381 0.358 6 3830 3600 
Annealed leaded screw-stock pp 4. Cysoagom = — © 0.307. 0.307 5 3700 3700 
brass (1872A) aces eeiee 33,000 f0-16 go-13 0.3095 0.307 6 3730 3700 
Annealed unleaded brass ees .T1 G06 O89 DiC 
(502A) 2c a ee E Cwf?-7 di 33,000 fui Go.04 0.573 0.491 5 6040 5170 
; i G 1.233 1.049 1 5980 5090 
Piireicoppers asec ics E = Cwf-82 40.92 aN EOS 0°795 0.695 8 3860 3375 
Bee Cage ssioriv imi eae ee CUB) te tas LT ea 
Bakelite 25 s.cqesce ces 33,000 f?:79 d0.% 
Down: fe D 
E = Cwf?-® 0-83 = 33,000 fo) go. (Down) soo. AUER Cite OM aa 130 
Up: G 
= AO 02S” ym) ee ee 
Roodifiber ei cict ee Pia clap BEO00 Foray ye” A om OH OEES aller ce, meme ea 
Down: (o 
E = Cwf-6i go91 == ——~_____ (Down) .... 0.0618 1 .. 281 


33,000 f>-39 0. 


« Feed in inches, 0,010; depth of cut in inches, 0.125. 
° 

* Cutting fluid 1 is dry cutting. 

Cutting fluid 4 is a soluble oil, 1 part oil to 10 parts water. 

Cutting+fluid 5 is a No. 2 lard oil. 

Cutting fluid 6 is a light mineral oil. 

Cutting fluid 8 is a light mineral oil containing 10 per cent No. 2 lard oil. 

Cutting fluid 10 is a sulphurized light mineral oil, 


inches. Such a formula holds not only for the energy in milling, 

but for the torque and thrust in drilling, and the cutting force in 

turning. Values of energy in foot-pounds per chip are shown for 
} various combinations of depth and feed in Fig. 48 of this discus- 
sion, in which a log-log scale is used. At the left of Fig. 43, the 
milling energy in foot-pounds per chip for various values of feed 
per tooth for three depths of cut is shown, namely, 0.05, 0.10, 
0.15 in., when cutting brass, consisting of 65.5 per cent copper, 
34.1 per cent zine, 0.25 per cent lead, and 0.10 per cent iron.'? 
The solid lines represent the energy values when cutting up, 
as shown at A in Fig. 42, and the dashed lines the values when 
cutting down, as shown at B in Fig. 42. It is interesting to 
note that all six lines are parallel, the tangent of the angle of the 
slope being 0.77 which becomes the exponent « of f in the energy 
| equation. It is seen that, if the depth for a given feed is doubled 
' or tripled, the energy increases almost but not quite in the same 
proportion. The variable-feed curves show that cutting down 
requires less energy than cutting up, although this relation does 
not hold true for all metals, as shown in Table 2 of this discussion. 

At the right in Fig. 43 are shown the milling-energy values in 
foot-pounds per chip for variable depths for each of two values of 
feed per tooth. Again, four straight lines are obtained, all of 
which are parallel. It is seen that, for a given depth of cut, if 
. the feed is doubled from 0.005 to 0.010 in. per tooth, the energy 
increase is in the proportion of 2 to 3.5. This shows that thick 
chips require less energy in proportion than thin chips. The 
tangent of the angle of slope of these lines is 0.96 which becomes 
the exponent y of the depth d. 

From the results of Fig. 43, an equation giving the relation 
between the net energy in foot-pounds per chip #, the width of 
the cutter w, the feed per tooth f, and the depth of cut d, all ex- 
pressed in inches, may be written 


10 ‘*The Elements of Milling,” by O. W. Boston and C. E. Kraus, 
Trans. A.S.M.E., vol. 54, 1932, puper RP-54-4, pp. 71-92. 


30 


MARTELLOTTI—AN ANALYSIS OF THE MILLING PROCESS 


697 


E= Cuwf?- 7749-96 


C representing a constant which, when cutting up, is 6040 and, 
when cutting down, is 5171. The energy values have been 
found to vary directly with the width of the cutter w. Similar 
equations for other materials when cutting up and down and 
using various types of cutting fluids are shown in Table 2 of this 
discussion for relatively light cuts for which the depth of cut is 
0.125 in. and the feed per tooth 0.01 in. This equation shows that 
the energy per chip increases with an increase in feed and depth of 
cut only as the 0.77 power of the feed and the 0.96 power of the 
depth of cut. This proves the desirability, from a power stand- 
point, of taking heavy feeds. 

The average thickness of chip (A.T.C.) is a function of the 
feed and depth of cut as explained. Fig. 44 of this discussion 
shows the net energy required at the tool point to remove various 
metals, such as free-cutting brass, cold-rolled steel (low-carbon), 
S.A.E. 1020 steel, and cast iron for various values of A.T.C., but 
for three different depths of cut, namely, 0.01, 0.1, and 1 in., re- 
spectively. The feed was such as to give the A.T.C. indicated. 

The cubic inches of metal removed per horsepower-minute for 
milling free-cutting brass takes the form of one straight line 
when plotted over the A.T.C. on log-log paper, when the depth of 
cut is 0.01 in. Another straight line is obtained, somewhat be- 
low the first, for the same feeds when the depth of cut is 0.1, 
and a third straight line is obtained when the depth of cut is 1 in. 
This indicates that, for a given depth of cut, a straight power 
line is obtained, when the feed is varied to obtain different values 
of A.T.C. for a given depth of cut. For a constant value of 
A.T.C. such as 0.0006, the cubic inches per horsepower-minute 
for cutting brass are 2.5 when the depth is 0.01, but only about 2 
when the depth of cut is0.1in. Again, 2.5 cuin. of the brass are 
removed per hp per min when the A.T.C. is 0.0006 in., 0.0013 in., 
and 0.0023 in., respectively, for the three depths of cut. The 
results for the other metals show also that A.T.C. is not a safe 
basis for computing energy values. The cold- 
rolled steel being milled with lard oil is the one 
exception, as the variation of depth does not 
destroy the continuity of the three curves. 

The results of Fig. 44 indicate the desirabil- 
ity of taking small depths of cut when milling 
free-cutting brass. The reverse appears to be 
indicated when milling cast iron and steel. 
From this it is clear that the A.T.C. alone is 
not a proper basis for determining power re- 
quirements. 


Net-energy and horsepower formulas with 
values of constants for milling different mate- 
rials both up and down, with a variety of cut- 
ting fluids, are given in Table 2 of this discus- 
sion. These formulas and values are for the 
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Cus Incries per H.P PER MINUTE 
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plotted over the A.T.C., determined from the formula. | 
No. 5 is a No. 1 lard oil.) 


Fre. 44 Renation Bretwepn A.T.C. AnD Curnic Incurs pER Net HorsEPOWER- 
Minute WHEN Currine SEVERAL MATERIALS AT THREE DIFFERENT DepTHs oF CuT 


(The curves are based on the horsepower formula given in Table 2 of this discussion, but 
All values are for milling up. Oil 


sizes of cut and cutter as indicated in the table 
heading. 

The cutting condition, shown at A, Fig. 42 
of this discussion, represents that most com- 
monly used. The cutter rotates clockwise, 
while the work is fed to the right, both motions 
being indicated by arrows. In this manner, 
the cutting tooth cuts against the motion of the 
work. This is referred to as cutting up, or 
against the feed. At B the cutter rotates 
clockwise, while the work is fed to the left. 
This is called climb or down cutting, in which 
the cutting action is with the feed. The feed 
per tooth of the 4-tooth cutter is the same at A 
as at B. An analysis of the two chips formed 


Cus Incomes PER H.P PER MiKUTE 
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shows that the chip at A is thinner and longer than the chip at 
B. Illustrations at C and D represent, respectively, chips pro- 
duced by a tooth of a 20-tooth cutter when feeding up and down. 
Again, it is seen that the chip at C is much longer and much 
thinner than the chip at D. Therefore, the shape of the chip 
produced by a cutter of a given number of teeth is influenced by 
the cutting being done up or down. Also, the difference in 
shape of the chips is greater, the greater the number of teeth in 
the cutter. 

The author discusses the influence of films of various types on 
the built-up edge during the formation of a chip. The writer is 
not in agreement with his statements; the writer’s views on the 
matter were presented in the form of a discussion to a previous 
paper! by Ernst and Merchant. 


O. R. Scuurie.2 Thoroughgoing studies of the kind presented 
in this paper are basic in establishing the fundamentals of every- 
day shop operations which are in common use and which are 
so little understood, except for such studies. A more complete 
understanding of the processes involved will permit operators of 
machines, or those who control shop practices, to speed up pro- 
duction, or to obtain an improved surface quality, or to increase 
the life of machine tools, as the case may be. 

The author mentions certain advantages resulting from up- 
milling, including smoother surfaces, because the built-up edge, 
if any, is not close to the cutting edge when the cut is started, 
and the initial cut is the one which remains on the final surface. 
It is also understood that a built-up edge is later formed, as the 
cutting edge advances and cuts more deeply into the metal. 

The writer, therefore, wishes to inquire whether the built-up 
edge formed on the tool face at the end of the cut remains there 
as the tool leaves the metal and, if so, why the presence of the 
built-up edge does not affect the smoothness of cutting at the 
beginning of the next cut after 1 revolution? 


A. E. RicwarpD DE Jonex.!? The author has chosen for his 
investigation a highly interesting subject which required clearing 
up beyond what was known heretofore. His analysis of the 
milling process must, therefore, be received with gratification 
by the profession. It should be kept in mind, however, that the 
subject is by no means a new one. The first clear statements 
about the milling process were made by Prof. F. Reuleaux, in 
1900, who published them in the second part of his ‘Lehrbuch 
der Kinematik.”!4 He was the first to draw attention to the 
fact that the paths of the teeth of a milling cutter are trochoids 
(he calls these curves cycloids), He also was the first to discuss 
the two modes of feeding the material to the revolving cutter, 
namely, in the direction of rotation of the cutter, and against 
it. Today, these two processes are called down-milling and up- 
milling respectively. He had tests made here in the United 
States, by Messrs. Pratt and Whitney, on whether the first or the 
second mode of feeding was preferable and produced smoother 
and better work. The results were indecisive as the marks due 
to tooth errors were much more pronounced than were the tooth 
marks. Other tests made at that time for him by Messrs. 
Ludwig Loewe and Co., of Germany, favored down-milling. 
Reuleaux also gave a simple formula which showed that in order 


“Chip Formation, Friction, and High Quality Machined Sur- 
faces,’’ by Hans Ernst and M. EB. Merchant, Trans. American So- 
ciety for Metals, 1940, preprint No. 53. 

12 General Engineering Laboratory, General Electric Company, 
Schenectady, N. Y. 

‘8 Adjunct Professor, Polytechnic Institute of Brooklyn, Brooklyn, 
N. Y Mem. A.S.M.E. 

14° Die Praktischen Beziehungen der Kinematik zur Geometrie und 
Mechanik,”’ Lehrbuch der Kinematik, vol. 2, Braunschweig, 1900, 
pp. 685-689. 
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to obtain tooth marks of small pitch, the circumferential velocity 
of the cutter must be high, and the speed of the workpiece low. 
Conversely, if the pitch of the tooth marks is to be great so that 
the work appears smooth, the speed of the cutter must be low 
and the speed at which the workpiece is fed to the cutter high. 

The author’s investigation can be divided into two sections, 
a practical or experimental one, and a mathematical one. The 
author has called the latter “Kinematics of Milling.’ This section 
forms the greater part of the investigation although the experi- 
mental section appears to be the more important one as it gives, 
for the first time, proof of what actually happens when a chip is 
removed. Indeed, Figs. 3, 23, and particularly Fig. 25 show 
what occurs in the formation of a chip, and how little the basic 
structure of the material is disturbed thereby. The various 
photomicrographs given by the author amplify and round out 
the picture of what takes place in milling various metals and what 
the quality of the surface is that may be obtained. Of value are 
also the diagrams Figs. 10, 11, 12, 13, 27, 28, 32, 33, 36, 37, 40, and 
41, which, as the author has stated privately to the writer, were 
obtained from actual tests, although the test values are marked 
only in Figs. 12 and 13. Fig. 6 is of interest in so far as it con- 
firms the statement by Reuleaux that the revolution marks are 
far more pronounced than are the tooth marks. 

Regarding the kinematic analysis, the author, apparently, has 
gone the long and thorny path of analytical geometry combined 
with differential calculus, instead of making use of the modern 
methods of graphical kinematics. Thus, in Appendix 1 for 
example, there is no need for differentiation to find tan ¢, because 
this function can be read off directly from the geometrical figure. 
The radius of curvature of the tooth path (Equation 6) was also 
obtained by differential quotients, as stated by the author to the 
writer in the private communication mentioned. This also is 
unnecessary as, by the modern kinematic methods, the formula 
can easily be obtained by similar triangles, making use of the 
velocities of the tooth generating the trochoid and of the instan- 
taneous center. Most of the other formulas can be read off 
directly from the respective figures. Yet, the results obtained 
by the author are correct; only, with respect to Equation 5, 
it should be mentioned that an approximation has been made 
and a certain term neglected which, however, is permissible due 
to the small magnitude of the quantities involved. 

As the author has chosen for the title of his paper ‘‘An Analysis 
of the Milling Process,’”’ one would have expected that he would 
have discussed the entire subject. In fact, he has discussed only 
one half of it, having confined himself to up-milling. Down- 
milling is just as important, however, and according to Reuleaux 
and the Loewe experiments cited is even preferable. Yet, this 
does not actually seem to be the case, and it would be very 
interesting to see both the mathematical analysis and its ex- 
perimental verification for the case of down-milling. 

In down-milling the rolling centrode (or polode) rolls upon a 
straight line near the surface of the workpiece instead of, as in 
up-milling, on a straight line beyond the center of the milling 
cutter, reckoned from the surface of the workpiece. Conse- 
quently, the curvature of the tooth path is far greater, that is, the 
radii of curvature are very much smaller, than in up-milling. 
This has an effect on the clearance angle of the teeth, the tooth 
having to be much sharper. When the cutter has straight in- 
stead of helical teeth, it hits the surface of the workpiece at a 
spot of solid material, hence with an impact, and thus sets up 
vibrations and chattering; while, in up-milling, the cutter starts 
its cut at the thinnest part of the chip and not at the thickest 
part, thus gradually increasing the energy given off to form the 
chip. If the cutter has helical teeth, there is an impact only at 
the instant when the front part of the tooth starts cutting, but 
this impact is greatly reduced if the previous tooth or teeth are 


still cutting. The distortion of the material forming the chip 
may, however, be greater than in up-milling, and it would be 
highly interesting to see the experimental evidence, which the 
author perhaps is able to supply. As the cutting edges of the 
teeth have to be much thinner, the life: of the cutter seems to 
be greatly reduced, but here too the author can probably give 
actual figures which should be of interest. 

One would also like to see the actual evidence for the smooth- 
ness, or rather roughness, of the surface due to the tooth marks 
so as to be able to compare the surface finish with that in the 
case of up-milling. Of interest would also be the formation of 
the “built-up edge” in down-milling, which should have an 
important bearing on the actual surface finish. Of importance 
would, further, be diagrams of the power consumption per cubic 
inch of metal removed, for various metals, such as the author 
has given for up-milling. Perhaps, the author might clarify 
all these points and, thereby, contribute a further valuable piece 
of information to the very useful facts he has already given in 
the present paper. It should be stated once more that the 
profession owes him a debt of gratitude for the very careful 
investigation he has made of the milling process. 


AurHor’s CLOSURE 


The author appreciates the comments and the criticisms of 
Professor de Jonge who has read the paper and checked the 
derivation of the various equations. He notes the absence of 
any reference to the down-milling method, although from the 
title of the paper one would expect a complete analysis of the two 
methods of milling (‘“up-milling’”’ and ‘‘down-milling’”). The 
paper would have been more appropriately titled: “An Analysis 
of the Milling Process: Part I—Up-Milling,” since the author 
has actually made a parallel analysis of the two methods and 
has on hand the information mentioned by Professor de Jonge. It 
is the author’s hope that this material, together with an analysis of 
the mechanism required to permit down-milling operations, may 
be presented in the near future in a second paper. 

Space limitation prevented the publication of this material in 
its entirety in the initial paper, and the same reason prevents the 
author from elaborating on this subject at this time. 

The author finds that the analytical method used, supple- 
mented with actual tests, is conducive to a better understanding 
of the characteristic differences between the two methods of 
milling, and also makes it possible to visualize, from a practical 
viewpoint, the advantages and disadvantages inherent in both 
methods. 

Professor Boston takes exception to the author’s suggestion 
that the average thickness of the undeformed cross section of the 
chip may be used for establishing the relationship between the 
conditions of the cut and the corresponding power required, on 
the basis that the results he has obtained with the A.T.C. formula 
derived by Parsons? gave rise to some apparent inconsistencies. 

Quoting Professor Boston:!° “It is obviously inaccurate to 
use the A.T.C. as the variable in a general milling formula... .. 
This is unfortunate, because the average thickness of the chip 
seems to be a logical basis for determining cutting qualities.” 

In his investigation, Professor Boston has used the so-called 
pendulum-type milling machine, also known as “chip tester.” 
This machine was developed and used by Professor Airey and 
C. J. Oxford, and was described! by them some years ago. 

In the chip tester, one fundamental element of milling is 
eliminated, i.e., the feed of the work. Consequently, in opera- 
tion, a circular tooth path is obtained instead of the true path 
which, as shown by the author, is trochoidal. It follows then that 
with the chip tester there is no geometric difference between up- 


18 “On the Art of Milling,” by John Airey and C. J. Oxford, Trans. 
A.S.M.E., vol. 43, 1921, p. 549. 
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and down-milling except for the point where the tooth contact 
with the work begins. For given cutting conditions, the average 
thickness of the chip is identical in the two cases, and the energy 
involved in forming the chip should also be the same. j 

The values of hp per cu in. per min, given by Professor Boston 
in Table 2 of his discussion, for the two methods of milling, indi- 
cate that in some cases there is a difference in favor of down-mill- 
ing; in other cases, there is no difference; and, in yet other cases, 
the values for down-milling are higher than those for up-milling. 
Since these differences are small, one is inclined to believe that, 
because of the limitations of his experimental apparatus and, 
furthermore, to the difficulty in setting the work accurately for 
the required feed per tooth, the variations found by Professor 
Boston are due to experimental errors rather than to actual differ- 
ences resulting from the two methods of formation of the chip. 

It is to be noted also that, with Professor Boston’s chip tester, 
the rake and clearance angles are constant throughout the tooth 
path, while in actual milling they vary continuously from the be- 
ginning to the end of the chip, as shown by the author. 

For the conditions investigated by Professor Boston, the in- 
stantaneous radial thickness of the chip can be exactly caleu- 
lated by means of Equation [17] of the paper. This was derived 
for the case in which the tooth path is circular. For the purpose 
of this discussion, the simplified form, Equation [19], of this 
equation is used 


(MESTMCAOR eee hota oe aaron fe 6 (28] 
where 
t = instantaneous thickness of undeformed section of chip, 
in. 
F, = feed per tooth, in. 
a = angle through which radius vector has rotated from 


beginning to end of tooth path 


The angle a can be evaluated in terms of the elements of the 
cut from the equation for Y in the system of Equations [2] of the 
paper. When this is done Equation [28] of this closure, as- 
sumes the form given by Parsons for the maximum radial thick- 
ness of the chip 


| “As-2 
LeeN ip D 
where 
f = feed per tooth, in. 
d = depth of cut, in. 
D = diameter of cutter, in. 


From this formula Parsons derived the following expression 
for the so-called “average chip thickness” by dividing by 2 his 
expression of the maximum chip thickness 


d d 
A.T.C. = i D (: ee ) 


This is identical with the expression 


F, sin a 
2 


But this obviously corresponds not to the average, but only to 
one half of the maximum thickness of the chip. 

The true average value, however, can be determined from 
Equation [28] as follows: In general if f(x) is a real function of 
z, the average value fave of f(x) with respect to © over a given 
interval a S x S bis defined to be 


1 b 
fave a ot f(a)dx 
b =>) a 
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In our case 


t= f(@) = Fes 


and the limits are 0 = a S a; therefore 


lavg = Pi [=P COSY Crs] bear en eee cit [30] 
ay 
or 
sin?(a,/2) 
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The difference between the values of tavg obtained with the 
Parsons formula and the more nearly correct Equation [31] of 
this closure is graphically illustrated in Fig. 45, herewith. 

Therefore, it is evident that Professor Boston made a serious 
mistake in trusting the correctness of the Parsons formula, and in 
concluding therefrom that the average chip thickness is not a good 
basis for judging cutting qualities. 

It is also interesting to note that, by substituting in Equation 
[31] for cos a, the expression (R — d)/R, this equation becomes 
identical with Equation [15] of the paper, derived by the author 
from a direct consideration of the volume of the chip, when L is 
made equal to the length of the are of a circle corresponding to 
the simplified tooth path. 

Obviously, for an exact determination of A.T.C., the true 
trochoidal tooth path must be used as given in Equation [13] of 
the paper. 

Furthermore, it is important to consider that, in milling prac- 
tice, a variety of combinations of feeds, depths of cut, and speeds 
are found. Consequently, an approximated formula cannot be 
used indiscriminately. From Fig. 45 of this closure, it is evident 
that the Parsons formula will be found satisfactory only for values 
of a up to 30 deg. : 

From this it can be concluded that, in using Parsons’ formula 
in the range of depth from 0.01 to 1 in., inconsistencies such as 
mentioned by Professor Boston will result, and a revision of his 
conclusions is therefore in order. Professor Boston is still of 
the opinion that a milling-cutter tooth rubs over the surface of the 
work at the point of contact until the cutting edge digs into the 
work. His reference to this action indicates that he has not read 
the part of the paper in which the author has dwelt at length on 
the fallacy of this opinion. The author has produced experimen- 
tal evidence which proves that the cutting edge of a milling- 
cutter tooth begins to form a chip immediately upon contacting 
the work. 

Professor Boston mentions the works of Salomon’ and Sawin® 
in connection with the discussion of this paper. 

Professor Salomon, without even analyzing the path of a mill- 
ing-cutter tooth assumes ipso facto that the path is an arc of a 
circle, and then proceeds by a complicated mathematical pro- 
cedure to show that the thickness of the undeformed section of 
the chip, corresponding to a point of the path located at a/2 is the 
true criterion for determining the power required in milling; 
the angle a being that subtended by the circular arc of the com- 
plete tooth path. 

His formula for this thickness of the chip is 
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Fig. 45 of this closure shows the variation between the Salomon 
formula and that derived by the author for the average value 
of the thickness of the chip for the case (not true in practice) of a 
circular tooth path. 

Mr. Sawin accepts the approximation often made by various 
investigators that the path described by a tooth can be simu- 
lated by an arc of a circle, and then proceeds to produce a number 
of formulas for calculating the dimensions of a milling cutter. 

The author wishes to state that a better understanding of the 
physical facts involved in any machining process may be obtained 
by considering (a) the principle on which the process is based, 
to determine the interdependence of the various elements by 
analytical methods, regardless of the magnitude of the single ele- 
ments involved; and (b) to make the necessary approximation in 
certain cases if found admissible within the limits of practical 
application. Evidently this procedure was not followed by Pro- 
fessor Boston. 

The author appreciates Mr. Schurig’s interpretation of the 
studies which formed the object of his paper. In the majority 
of observations made by the author, covering a number of years, 
he has found that the built-up edge (formed during the passage 
of a tooth through the work) remains strongly attached to the 
chip (it is actually a part of it, Fig. 3 of the paper), and usually 
passes off with it. The entire built-up edge, therefore, will not be 
found on the edge of the tooth at the completion of its engagement 
with the work. There may be small particles of it adhering to 
the face of the tooth, but these particles will usually be displaced 
by the oncoming new chip, and thereby a clean edge wiil result. 

In those cases, particularly when dry-cutting, in which a 
strong bond between the face of the tooth and the material of the 
chip develops, the completely formed chip with the built-up edge 
may be carried around by the tooth and fall on the finished sur- 
face where it might be caught by the next tooth approaching the 
work. This will result in blemishes on the finished surface, as 
shown in Fig. 19 of the paper (A, B, and C). 

An effective cutting fluid will invariably improve the condi- 
tions mentioned. 
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The author describes a prover design for use in calibrat- 
ing displacement meters on volatile-liquid petroleum frac- 
tions such as gasoline which will eliminate errors caused 
by evaporation, change in temperature, and entrainment of 
gases in the test liquid. Details are also given of a sim- 
plified commercial type of prover. This type of prover 
has been successfully used on an extensive meter-testing 
) program at the Gulf Research Laboratory as a part of 
the 25-year program of the A.S.M.E. Fluid Meters Com- 
mittee. 


QUIPMENT for calibration of displacement meters on 

volatile-liquid-petroleum fractions, such as gasoline, should 

be such that calibration errors, caused by evaporation of 
the liquid, change in temperature, and entrainment of gases, 
are eliminated. Meters for measuring gasoline should be cali- 
brated on gasoline. Accurate calibration of a meter on a petro- 
leum fraction other than gasoline does not insure that measure- 
meat on gasoline will be satisfactory; in fact, the contrary can 
be expected, as the viscosity of the liquid measured has a pro- 
nounced effect upon the calibration. The same meter will usu- 
ally show less variation on the higher-viscosity fractions but will 
require alteration of adjustment to bring the average error nearer 
zero. If a meter is to be used on liquids of different viscosities, 
a separate calibration for each liquid should be made, since a 
single factor cannot be applied to all the liquids, to different 
makes of meters, or even to different meters of the same make. 

The need for elimination of the errors due to evaporation of 
the test liquid needs little explanation. The possibility of siz- 
able error in calibration, when evaporation is allowed to take 
place, is easily demonstrated by pouring gasoline from one meas- 
ure to another, when a loss of at least 3 to 5 cu in. in 5 gal will 
be noted. Since 1.15 cu in. in 5 gal is an error of 0.1 per cent, 
this simple operation involves an error in measurement from 
evaporation alone of 0.2 to 0.4 per cent. This is a material error 
when considered from the standpoint of the claims for accurate 
) measurement often made for displacement meters. 

Errors introduced by volumetric change, due to change in tem- 
perature, can introduce considerable errors in calibration. The 
coefficient of cubical expansion for liquid hydrocarbons lies be- 
tween 0.0004 for crude oils and 0.0007 for gasoline at ordinary 
temperatures. A change in volume of 0.1 per cent is therefore 
caused by 1.4 F change in temperature of gasoline and by 2.5 F 
change in crude oil. 

Errors from gas entrainment in the test liquid will depend 
upon the conditions under which the entrainment takes place. 
Turbulent liquid flow in the presence of a gas will cause the liquid 
to absorb the gas rapidly and, after the saturation point has 
been reached, some’gas will be entrained in the form of bubbles. 
If conditions of temperature and pressure change slightly, gas 
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may be thrown out of solution to make more bubbles. The 
bubbles tend to rise to the surface of the test liquid when it comes 
to rest and in some petroleum fractions cause foaming, which 
retards accurate determination of the liquid level. Considerable 
time is necessary for all the bubbles to rise and leave the surface 
of the liquid. 


Merer-Trst Work at Gutr LABORATORY 


At the beginning of the meter test work at the Gulf Laboratory 
early in 1934, a survey of the field disclosed no known method of 
testing meters on gasoline which would remove the errors of meas- 
urement due to evaporation of the liquid, temperature change, 
gas entrainment, andfoaming. Therefore, it was necessary to de- 
velop an accurate meter prover which would eliminate these 
errors as far as possible. The basic principle used in the prover 
was to confine the test liquid over another liquid immiscible 
with the test liquid, in a gastight container. By suitable design 
using this principle, it was possible to maintain the test liquid 
out of contact with gases and thus prevent evaporation, absorp- 
tion of gases by the test liquid, and foaming. A further result 
obtained by this method was a decided reduction in the rate of 
deterioration of the test liquid. Oxidation was prevented and 
deterioration due to mechanical agitation was found by test to be 
very slight. 
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Fig. 1 Scurpmatic DiaGRAM OF Prover USED For TrstiInc METERS 
(Gulf Research & Development Company; U.S. Patent No. 2,050,800.) 


The prover used for testing meters for error of measurement 
is shown in Fig. 1. Water was the immiscible liquid used to 
confine the gasoline and the burning oils on which the meters were 
tested. The prover consists essentially of a circulating pump, 
overhead tank, storage tank, and measuring tank with the neces- 
sary control valves and piping. The method of operation of the 
prover in testing a meter for error of measurement is as follows: 
Referring to Fig. 1, tank A contains a supply of water which is 
pumped through water-supply line to overhead tank C. Tank C 
discharges into tank H# which contains test liquid in the portion 
above water. The head exerted by the water at a height of 
tank C forces gasoline through pipe L, pressure tube /’, meter, 
pressure tube G into the upper bell H of the measuring tank. 
This test liquid displaces water in the measuring tank J. The 
displaced water passes through the bell J, flow-regulating valve 
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M, and quick-opening valve N, then discharges into water-stor- 
age tank A. 

Flow of the test liquid through the meter on test takes place 
only when quick-opening valve N is opened. Valve N is opened 
only long enough to allow a definite amount of test liquid to pass 
through the meter into the measuring tank. When no test 
liquid is being displaced, the water being pumped into overhead 
tank C, overflows tank C into tank D from which it is carried 
back to storage tank A. At the start of the test, the dividing 
level between water and test liquid is set at zero on sight 
gage O, by proper manipulation of valves R, S, and N. Valve T 
in the meter line is closed during this manipulation. Valve T 
is then opened after valves R, S, and N are closed. Valve M is 
adjusted to give the proper rate of flow and the meter-register 
reading is noted. The quick-opening valve N is opened and the 
water head at tank C forces the test liquid through the meter 
into the measuring tank, and the displaced water from the meas- 
uring tank discharges into storage tank A. During this pro- 
cedure, the dividing level in the measuring tank is lowered to 
some point within lower sight gage P. If the metered volume 
of the test liquid is exactly the same as the volume of the measur- 
ing tank between the zero on gage O and the zero on gage IE. 
the dividing level will be at zero on gage P. If the two volumes 
are not the same, the reading on gage P at the dividing level 
will be the error of measurement of the meter. After a test run, 
the test liquid which has been passed through the measuring 
tank during the run is returned to the storage tank through the 
test-liquid return line by closing valve T’ and pump throttle 
valve V, and opening valves R and S. This forces the test 
liquid by means of water under pressure from pump K, into tank 
E, which in turn displaces water up through tank C into tank D 
and back into storage tank A. 

Air entrainment is prevented by inserting the end of pipe L 
into tank E so that any air which may get into tank EZ will col- 
lect in the top of the tank where it can be removed through the 
vent pipe. The curved heads of the measuring-tank bells carry 
any entrained air up through the liquid in the tank into the 
visigage on top where it is readily observable to the operator. 
Some air will be present in the visigage during the first runs after 
the insertion of a meter for test, until the meter has been worked 
free of air. This action ordinarily takes two or three test runs, 
after which, succeeding runs will show the system to be free of air. 
Air in the visigage is bled off through the vent line. Pressure 
drop through the meter is determined by the use of manometers 
connected across standard pressure tubes F and G, which contain 
piezometer rings and pitot tubes. 

A constant operating head on the system is maintained by the 
overhead spill tank C. The total available head for operating 
the system is determined by the height of the upper edge of 
tank C above the level in storage tank A. The bleeders on the 
sides of sight gages P and O are for the purpose of removing any 
bubbles, dirt, or contamination which may collect in the dividing 
level between the water and the test liquid in the measuring 
tank, which may cause difficulty in gaging the level. The aux- 
iliary sight gage shown on one side of the’measuring tank aids in 
determining the location of the measuring dividing level. 


CoMMERCIAL-TYPE PROVER OF SIMPLIFIED DEsicNn 


The apparatus just described is of the type to be used in an 
extensive meter-test program, such as carried on at the Gulf Labo- 
ratory, wherein not only the accuracy of measurement under test 
was desired, but also the variation in accuracy and pressure drop 
throughout a life test. For a commercial application of this 
type of prover, a simplified setup, such as shown in Fig. 2, is suf- 
ficient, when only the measuring characteristics of the meter 
are required, as in routine pipe-line measurement or distributing- 
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truck service. The essential elements for a commercial prover 
would require only two tanks, one the test-liquid storage tank 
and the second a measuring tank, such as combined tanks H, J, 
and J, Fig. 2. The discharge from tank J would then be piped 
through the regulating valves and circulating pump directly into 
the water side of tank EH. Any desired pressure could be main- 
tained on the entire system by connecting an outside high-pres- 
sure water supply into tank J through a reducing valve or over- 
head float tank as shown. 

The measuring compartment of a good prover should have a 
capacity at least equal to the volume corresponding to the full 
flow of the meter in 1:min; for instance, a prover for testing 
meters with maximum flow rate of 300 gpm should have a meas- 
uring-compartment capacity of at least 300 gal. Careful cali- 
bration of the measuring compartment is of the utmost impor- 
tance. 

It should be pointed out that the most commonly used primary 
standard of measurement, the ordinary 5-gal sealer’s measure, 
is difficult to set closer than 1 cu in. in 5 gal, and even the most 
accurate measure cannot be depended upon to be more accurate 
than the nearest 0.5 cu in. This was confirmed by considerable 
test work at the Gulf Research Laboratory, using both the 
weighing method with distilled water at constant temperature 
and a precision balance, and the beaker method. Great care 
should be taken in handling a measuring can after it has once 
been accurately calibrated. The best means of avoiding possible 
damage to the measuring can is to keep it in a case lined with 
soft material so that it cannot be dented or otherwise damaged 
when not in use. Where a great deal of calibration work is 
being done, it would be an excellent practice to have at least two 
measuring cans, one to be kept in storage. A frequent check 
should be made against the one in use to insure that it continues 
to retain its original accuracy. 

Several trial fillings of the prover measuring tank, using ac- 
curately calibrated measuring cans, should be made to give an 
average reading for the correct setting. Besides the error in the 
measuring cans, additional error may be involved in such check- 
ing operations by failure to observe due care in maintaining wet- 
ted surfaces in the 5-gal measures and prover. There will be 
some slight further variation due to the different wetting qualities 
of the test liquid and the liquid to be used in the prover. Even 
with the utmost care in calibration of a prover measuring tank, 
differences between provers of at least 0.1 per cent may be ex- 
pected. 

The type of prover described has been used with good suc- 
cess on burning oils as well as gasoline. It should be satisfac- 


tory for use in calibrating meters on propane and butane where 
the test liquid must be maintained under pressure. The curves, 
} in Figs. 3 and 4, are representative of the data obtained on the 
Gulf Laboratory prover. Repeat tests with this prover at a 
particular rate of flow gave good repetition of data, demonstrat- 
ing the suitability of the prover for the service. 


4 FUNDAMENTAL CHARACTERISTICS OF DISPLACEMENT METERS 


Use of a prover, such as just described, for calibrating dis- 
placement meters on volatile-liquid-petroleum fractions may 
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reveal some surprising measuring characteristics. Before dis- 
cussion of these characteristics, some fundamentals of displace- 
/ment meters shouldbe pointed out. A displacement meter is a 
fluid motor which must generate enough power to overcome the 
friction of its moving parts as well as drive the registering mecha- 
nism. In order to derive power from the fluid stream passing 
through the meter, there must be a pressure drop through the 
meter. It is, therefore, evident that, with a difference of pres- 
sure and with working clearances in the metering element, there 
must be some slip, namely, excess of fluid passed through the 
meter over and above the amount actually displaced in the 
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metering element. A plot of the displacement data for a typi- 
cal metering element is shown in Fig. 5, wherein the quantity is 
plotted against rate of flow. The amount of slip depends upon 
the viscosity, load on the metering element, and various factors 
inherent in the design of the metering element, the same as in a 
fluid motor. Since the slip depends upon these factors, varia- 
tion of any one or all of them will alter the location of the proof 
line by an amount depending upon the particular characteristics 
of the meter. The slip determines the position of the proof line 
above the displacement line. The position of the line of zero 
error, as indicated by the register, is determined by alteration 
of the displacement or by changing the gear ratio of the register 
drive so that the line of zero error will cross the proof line to 
give the minimum average difference between the zero-error 
value and the proof-line values. The line of zero error, since 
it is set by mechanical means, remains fixed with reference to the 
displacement line. The proof line changes shape and position, 
depending upon the viscosity of the liquid, wear in the mecha- 
nism, and change in the register and friction load. 


Meter PERFORMANCE 


The most important characteristic of meter performance is the 
effect of viscosity on the shape and position of the proof line. 
As pointed out in a previous paper? by the author, film-sealed- 


2“Some Fundamental Considerations in the Design and Appli- 
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type meters are in general affected much more by change in 
viscosity than pack-sealed-type meters. Fig. 4 shows error 
data for a film-sealed-type meter which was greatly affected by 
viscosity of the liquid. This meter gave satisfactory measure- 
ment as calibrated on a burning oil of 2 centipoises viscosity. 
However, its calibration on lighter petroleum fractions showed 
very unsatisfactory measuring characteristics. Fig. 6 shows 
data for two pack-sealed meters of identical size and construc- 
tion. Meter A showed wide variation between burning oil (1.58 
centipoises) and gasoline (0.53 centipoises). Meter B shows the 
same difference, except that it had large error in deficiency at 
flow rates below 20 per cent of rated capacity. This difference at 
the low rate of flow was likely chargeable to faulty valve setting. 
These data show extreme cases of faulty measurement and are 
not to be construed as being representative, however, they do 
illustrate some of the reasons for failure of meters to check one 
another. Proper testing of each meter would disclose unsatis- 
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factory characteristics and would permit their correction. 

In conclusion, a prover design, such as described in this paper, 
is available for use in calibrating displacement meters on vola- 
tile, low-viscosity petroleum fractions which will eliminate cali- 
bration errors caused by evaporation of the liquid, change in 
temperature, and entrainment of gases in the test liquid. This 
type prover has been successfully used on an extensive meter- 
testing program and has demonstrated the need for testing 
each meter on the liquid on which it is to be operated. 
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This paper deals with boiler-feedwater treatment for the 
'1400-psi topping installation at the Waterside Station of 
he Consolidated Edison Company of New York, Inc. 
n. the basis of thermal economy, degasification, treating 
‘costs, and installation convenience, a cold-water carbon- 
ceous-zeolite treating system was deemed preferable. 
‘The application of the Zeo-Karb system selected, its 
“operation, and results obtained constitute the principal 
features of the paper. 


i HE economy of large-scale district heating with exhaust 

steam from high-pressure turbines has long been appre- 
ciated, but lack of experience in the use of raw make-up 
Hater for high-pressure units discouraged earlier consideration 
of such installations without evaporators. However, when the 
first 1400-psi topping units were installed at Waterside Station, 
tit was felt that the progress in water softening and boiler-feed- 
water treatment had advanced sufficiently to justify considera- 
‘tion of this scheme with greater assurance as to its ultimate suc- 
cess. Evaporators were also considered but the penalty for the 
pressure degradation incident to their use, combined with the 
need for treatment of the water for the evaporators, rendered 
them unattractive. 

Of the two waters supplied to New York City, Catskill water 
would have been more desirable, due to its lower hardness and 
silica content, but unfortunately, only the Croton supply could 
be made available to the station. Although this water is com- 
paratively pure, it could not be used unsoftened in the high-pres- 
sure plant, since its bicarbonate hardness content would cause 
ithe ultimate formation of scale in stage heaters, piping and econo- 
mizers, and the problems within the boiler would be aggravated. 

Various treating schemes were considered, and the experience 
and results from many plants were studied in connection with the 
problem, but the high initial purity of the water limited treating 

considerations to the few systems suited to the hardness char- 
acteristics of Croton water. On the basis of thermal economy, 
degasification, treating costs and installation convenience, a 
cold-water carbonaceous-zeolite treating system was deemed 
preferable. There being no return condensate from the steam 
used for district heating, the water-softening capacity had to 
equal or exceed the quantity of steam so used. 

The treating plant permits increasing the output of the high- 
pressure units by the disposal of a large quantity of 200-lb ex- 
haust steam. During light-load periods, the load which would 
otherwise be carried on less efficient condensing units is trans- 
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Treatment of Make-Up Water for the 
Waterside Topping Installation 


By C. B. ARNOLD,? R. T. HANLON,? anv J. MINDHEIM,’ NEW YORK, N. Y. 


ferred to the more efficient high-pressure units. With a heat 
consumption below 5000 Btu per kwhr on these units, the ad- 
vantage of increasing their capacity factor and output is obvious. 

The present electrical and steam-generating equipment in- 
stalled at Waterside No. 2 Station consists of two high-pressure 
topping turbines and four 1400-psi boilers, capable of generating 
a total of 2,000,000 Ib of steam per hr which have been arranged 
to top the existing 200-psi steam system common to both Water- 
side Stations No. 1 and No. 2. Two more high-pressure tur- 
bines and four more high-pressure boilers, capable of handling 
2,460,000 Ib of steam per hr are now being installed as additional 
topping capacity. 

The 200-psi steam system for the two interconnected stations 
is arranged for the dual purpose of conducting steam to the low- 
pressure condensing turbines in both stations and supplying 
steam to the New York Steam Corporation’s heating mains 
through a total of twelve desuperheaters having a capacity of 
about 1,250,000 lb of steam per hr. Although all low-pressure 
boilers in Waterside Station No. 2 have been removed to make 
way for the high-pressure boilers, the 200-lb steam system is still 
capable of being fed by steam generated in the old low-pressure 
boilers: in Waterside Station No. 1, which have an available 
capacity of 1,836,000 lb of steam per hr. 

For a time after the first two topping units were installed, it 
was deemed advisable that only condensate from the low-pres- 
sure turbines and auxiliaries be used as feedwater for the high- 
pressure boilers. This required that all make-up water for the 
two stations be taken into the low-pressure boilers where it was 
evaporated and fed to the 200-lb steam system. Although this 
arrangement provided the high-pressure boilers with ideal feed- 
water, it was most uneconomical since every pound of steam de- 
livered to the heating mains had to be made up by the generation 
and condensation of a pound of steam in the low-pressure system. 
In other words, this was the same as though the low-pressure 
boilers were alone feeding the heating mains. The problem, 
therefore, was to provide a water-treating system by which satis- 
factory make-up water could be fed into the high-pressure boilers 
without the necessity of operating the low-pressure boilers, ex- 
cept during emergencies or at times of high load demands. 

The requisites of the system were considered to be briefly as 
follows: 

1 Practically complete removal of calcium and magnesium 
scale-forming salts from the make-up water. 

2 A minimum of total solids in the treated water so that the 
blowdown from the boilers would be as little as possible. 

3 A minimum of physical size of the treating system because 
of the very limited available space in the station. 

4 A capacity of 1,200,000 Ib per hr of which 600,000 Ib per hr 
should be the initial installation. This ultimate capacity would 
provide the make-up for a continuous delivery of 1,000,000 Ib of 
heating steam per hr and 200,000 lb of blowdown per hr. 

In considering the type of equipment to be installed, the Per- 
mutit Zeo-Karb system appeared to best meet these requisites. 
It also compared favorably with other equipment, considered 
from the standpoint of installation and evaluated operating costs. 
In consequence, the Permutit system was purchased and in- 
stalled. It was placed in operation during September, 1939, and 
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is the first installation of the Zeo-Karb system for pretreating the 
make-up for boilers operating at pressures of thisrange. To date, 
it is the largest combination of the hydrogen and sodium Zeo- 
Karb arrangement ever built. 

As the word implies, ““Zeo-Karb” is a synthetic, carbonaceous 
zeolite material. Differing from the natural green sand com- 
monly used as an exchange material, Zeo-Karb is manufactured 
from coal. The finished product consists of small porous par- 
ticles of carbonaceous material slightly coarser than granulated 
sugar. Examination reveals that the Zeo-Karb is practically 
free of all ash and hydrocarbons, the removal of which by treat- 
ment with sulphuric acid accounts for its porous structure. The 
advantage of Zeo-Karb over green-sand zeolite, aside from its 
being nonsiliceous, is that it is not attacked or greatly affected 
by weak acids. This feature permits it to be used as so-called 
hydrogen Zeo-Karb and sodium Zeo-Karb, here referred to as 
HZ and NaoZ, respectively. In the sodium units, the hardness 
is removed and the effluent water is alkaline. In the hydrogen 
units, the hardness is also removed but the effluent water is 
slightly acid. Upon mixing, the chemical reactions of the two 
effluents release carbon dioxide, and the final character of the 
treated water is contingent upon the proportions of each. These 
processes are described in detail under “Chemical Performance.” 


WATER CIRCUITS 


Fig. 1 illustrates diagrammatically the course of the make-up 
water from the raw city-water supply to the boilers. Starting 
at the supply point, the water may be fed directly or pumped into 
the treatment system, depending upon the pressure drop to be 
overcome. It first passes through the main inlet valve which is 
automatically opened wide or closed tightly as required by the 
demand for make-up. The stream then splits through two auto- 
matically controlled proportioning valves which regulate the 
quantities of water delivered to the hydrogen and sodium units. 
Following the treating units, the two streams again merge and 
pass through the degasifier where the major portion of the carbon 
dioxide is removed. From the degasifier, the water drains by 
gravity into the treated-water storage tank, wherein the water 
level is automatically controlled in accordance with demand. 
All pipe lines, fittings, and valves from the hydrogen units to the 
degasifier are rubber-lined. 

As is common practice in many plants, the make-up water is 
taken from the storage tank into the low-pressure-turbine con- 
densers, where it is partially deaerated and mixed with the main 
condensate and then delivered by pumps to the condensate sys- 
tem and surge tank. The demand for make-up is satisfied by 


controlling a valve in the treated-water make-up line to the con- 
densers in accordance with changes of water level in the surge 
tank. 

In addition to the supply of condensate and treated make-up 
water in Waterside Station No. 2, as outlined, the feedwater sys- 
tem is supplied by condensate from the low-pressure units in 
Waterside Station No. 1 and may, during emergencies, be fed by 
raw city water. The level in the surge tank controls the amount 
of condensate and raw water thus fed. All the surge tank con- 
trols are arranged in the order of preference, (1) condensate from 
Waterside Station No. 1, (2) treated make-up, and (3) raw city 
water. 

Waters from these sources are caused to flow through a single 
mixing chamber on their way to the condensate booster pumps. 
This insures that all the high-pressure boilers will get the same 
proportion of condensate and treated make-up water and/or any 
raw make-up water fed during emergencies. From the conden- 
sate booster pumps, the water passes through the several deae- 
rators (one for each pair of boilers) to the main feedwater pumps 
and thence to the boilers. 


PROPORTIONING CONTROL 


As the constancy of composition of the effluent of the treating 
system depends largely upon the accuracy of the relative propor- 
tions of water treated by the sodium and hydrogen Zeo-Karb 
units, it was deemed advisable to provide the special regulating 
equipment, shown diagrammatically in Fig. 1. One air-operated 
Smoot-type regulator increases or decreases the flow of water to 
the sodium units as the water level in the treated-water storage 
tank, respectively, falls or rises. In doing so, it establishes a 
pressure drop across a control orifice in the supply line to these 
units. Another Smoot-type regulator, loaded by the pressure 
drop across this orifice and balanced by the pressure drop across 
a similar orifice in the supply line to the hydrogen units, controls 
the flow of water to the hydrogen units in proportion to that de- 
livered to the sodium units. A ratio adjustment on the propor- 
tioning regulator affords a means of varying the proportions as 
required to obtain the proper mixture of the effluents from the 
two groups of units. The continuously recorded pH value of 
the mixed effluents is used as a guide in setting the proper propor- 
tion. ‘The sizes of the units were selected so that the effluent of 
the hydrogen units could be varied from 50 to 62 per cent and 
from the sodium units from 38 to 50 per cent. 

The proportioning regulator also serves as a reliable means of 
preventing any flow of water through the hydrogen units with- 
out a corresponding flow through the sodium units. This fea- 


cure is very desirable since any unneutralized effluent from the 
aydrogen units would be extremely corrosive. 

} The orifice-differential measurements for the proportioning 
controls become inaccurate when the total flow is reduced to less 
than 25 per cent of capacity. Means were provided, therefore, 
0 shut off the system when the make-up demand is of this order. 
/Chis was accomplished by the operation of a float switch in the 
reated-water storage tank which closes the hydraulically oper- 
ited main inlet valve through the medium of an electrically 
yperated pilot when the water level rises to a point corresponding 
o 25 per cent of capacity. After the water level has again 
‘tropped to some predetermined point, the float switch will again 
pen the main inlet valve; thus for demands less than 25 per cent 
of capacity, operation of the treating system is intermittent. 


Zeo-Kars UNITS 


) With the arrangement of three sodium and three hydrogen 
anits (ultimate plant), as shown in Fig. 1, all or any combina- 
ions of pairs of units may be used for treating. Since each pair 
‘of units was designed to handle 600,000 lb of water per hr, it will 
ibe seen that the system will handle 1,200,000 lb per hr during 
he regeneration process on any one pair, and could handle up 
‘to 1,800,000 lb per hr in emergencies, provided the line capacities 
“wound permit. 

The main theme of the designs of the sodium and hydrogen 
‘units is to provide adequate means for distributing the water 
evenly through the Zeo-Karb beds so that all exchange material 
lis worked uniformly. This is accomplished by a conventional 
multiport inlet spray manifold and outlet drain system. The 
regenerating brine and acid are likewise evenly distributed over 
‘the Zeo-Karb beds by separate regeneration spray manifolds. 

Consideration had to be given to the choice of materials for 
‘the sodium and hydrogen units which handle, respectively, alka- 
‘line and acid water. For the sodium units, the shells are made 
cof steel with a bitumastic lining. The underdrain system for 
‘the sodium units is laid in concrete. For the hydrogen units, 
ithe steel shells and the underdrain systems are rubber-lined. 

In addition to softening the water, the Zeo-Karb beds also 
falter it and, while this is advantageous, it eventually increases 
‘the pressure drop through the units and hampers the softening 
‘process. It is necessary, therefore, that the beds be backwashed 
from time to time by flowing water through them in the reverse 
direction to the backwash sumps. Float-operated. backwash 
rate-of-flow controllers automatically regulate the backwash 
flow so that the velocity of water up through the units will be 
Aufficient to dispel the foreign matter without carry-over of the 
 Zeo-Karb material. 


REGENERATION 


The equipment for regeneration of the sodium units consists 
of a galvanized-iron brine-measuring tank and two water ejectors 
(one a spare). To regenerate a unit, it is necessary only to shut 
off the valves for the softening process, open a drain valve to 
‘the backwash sump, and inject the required amount of brine 
‘through the unit. Following regeneration, the unit has to be 
“rinsed by passing water through the unit to waste at the rate of 

bout 1.5 gpm per sq ft of bed area. When analysis of the rinse 
‘water leaving a unit shows it to be free from calcium and mag- 
nesium salts, the softening process may be resumed. 

Brine for regenerating the sodium units is prepared by the 
storage of rock salt under water in two 20-ton brine-storage tanks 
which are adequate for bulk delivery. To transport the brine 
from the storage tanks to the measuring tank, two 40 gpm cen- 
trifugal pumps were provided. Each tank is provided with a 
gravel filter bed about 1 ft deep, over which the salt is stored. 
-Level-operated make-up valves keep the tanks full of water at all 
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times so that the saturated brine is always available. Three 
large charging holes are provided in the roof of each tank, spaced 
in such a manner as to permit leveling off the salt bed. 

The equipment for regenerating the hydrogen units consists 
of a totally enclosed concentrated-acid measuring tank, a lead- 
lined acid-mixing tank, and two dilute-acid ejectors (one a spare). 
The acid is delivered to the measuring tank by two LaBour self- 
priming centrifugal pumps. After the required amount of con- 
centrated acid has been pumped into the measuring tank, the 
acid is then drained into water in the mixing tank and diluted to 
a concentration of about 7 per cent. Air-jet agitators are pro- 
vided in the mixing tank to render a uniform solution. In de- 
livering the diluted acid to the hydrogen unit to be regenerated, 
the water used for injection dilutes the acid still further to about 
2 per cent. Following regeneration, the unit is rinsed by flowing 
water down through the bed to waste at a rate of about 4 gpm 
per sq ft of bed area until the required free-mineral acidity is ob- 
tained. 

In order to accommodate bulk delivery of acid, two 15-ton 
acid-storage tanks were provided and installed in a sidewalk 
vault just outside the station. These tanks are made of steel 
and designed in accordance with the A.S.M.E. Unfired Pressure 
Vessel Code for 25 psi working pressure, even though they will be 
subjected only to atmospheric pressure. 


DEGASIFICATION 


A degasifier is provided to remove the carbon dioxide from the 
water, after the effluents from the sodium and hydrogen units 
have been mixed. The principle of this degasifier is based upon 
the physical phenomenon wherein the relative amounts of gases 
dissolved in water are proportional to the partial pressures of these 
gases surrounding the water. Accordingly, the degasifier is de- 
signed so that air may be blown through the carbon-dioxide- 
laden water as it is cascaded over a number of wooden slats on 
its way to the degasifier outlet. This process does not completely 
remove the carbon dioxide from the water but reduces it con- 
siderably as will be noted from the results which follow. 

Leaving the degasifier, the treated water is saturated with 
oxygen and contains some residual carbon dioxide, which renders 
it corrosive. By spraying the treated water into the low-pres- 
sure unit condensers, partial deaeration is effected and a small 
amount of heat is recovered. 


CHEMICAL TREATMENT 


Although the Permutit system for pretreating the make-up 
water removes most of the hardness from the feedwater, the 
following additional equipment is required for maintaining the 
proper proportions of treatment chemicals in the boiler water: 

1 Caustic feed tanks and piping to feed sodium hydroxide 
into the feedwater line at the deaerator outlet. 

2 Phosphate feed tanks and pumps to feed disodium phos- 
phate directly into the boiler drums to maintain a safe excess at 
alltimes. This excess will treat any hardness in the water which 
may enter the system due to condenser leakage or emergency use 
of city water. 

3 A continuous blowdown system to maintain the total solids 
concentration in the boiler at a sufficiently low point to prevent 
carry-over. 


ContInuoUs-BLOWDOWN SysTEM AND Fiasn TANKS 


Three blowdown orifices are provided for each high-pressure 
boiler for the regulation of blowdown. The orifices are designed 
for 1, 2, and 4 per cent of maximum boiler capacity. Thus, by 
selection of various combinations of these orifices, amounts of 
blowdown in steps of from 1 to 7 per cent, inclusive, may be ac- 
commodated. 


708 


et a sa ee a oe Sw 


H, P. TOPPING 
TURBINE 


(meee ea 
L.P. FLASH TANK} 


 coetetenteiatetenentenentennaetenemens anata | 


TO WASTE 
TO AUXILIARY 
EXHAUST HEADER 
TO WASTE 


TRANSACTIONS OF THE A.S.M.E. 


200s SQ.1N. STEAM MAIN } 


TO WASTE 


NOVEMBER, 1941 


TO L.P_TURBINES 
pe 
i} 


1 
A 


eee pele 


T 
HEATING MAINS 


TO TRAPS 


Fic. 2 Biuowpown SysTEM 


From these orifices, the blowdown may be discharged to waste 
or delivered to a blowdown flash system furnished by The Bab- 
cock & Wilcox Company, as shown in Fig. 2. The system con- 
sists of a high-pressure tank which flashes saturated steam to the 
200-lb steam mains and a low-pressure tank which flashes to 
the exhaust header. These tanks are arranged in series so that 
the drains from the high-pressure tank flash to the low-pressure 
tank and thence to waste. Bailey automatic level-control drainer 
valves are provided in the drain lines from each tank. The flash 
system is designed to handle 350,000 lb per hr of blowdown from 
the high-pressure boilers, of which 27 per cent is flashed in the 
high-pressure tank and 13 per cent in the low-pressure tank. 


CHEMICAL PERFORMANCE 


The purpose of this installation, to provide make-up water for 
the 1400-psi boilers which is practically free of scale-forming 
compounds, has been adequately accomplished. During the 
process, the pH value of the treated water is maintained at a 
sufficiently low value before degasification to insure removal of 
carbon dioxide by aeration and at a sufficiently high value after 
degasification to preclude the possibility of corrosion of feed lines, 
valves, and other exposed metal surfaces. As the make-up water 
is sprayed into the condensers, the concentrations of carbon di- 
oxide and oxygen are further reduced to a sufficiently low value 
which insures their complete removal by deaerating heaters. 

These processes are described as follows: 

When raw water, containing calcium and magnesium bicar- 
bonate, calcium and magnesium sulphate and various other 
compounds of calcium and magnesium, is passed through prop- 
erly regenerated sodium and hydrogen Zeo-Karb units the follow- 
ing chemical reactions will occur: 


Ca(HCOs)2 + NaeZ — > CaZ + 2NaHCOs 
Calcium + Sodium Reacts calcium + Sodium 
bicarbonate, Zeo-Karb to Zeo-Karb, bicarbonate, 
a scale- form which which is a 
forming remains soluble 
compound in the compound 
treatment and remains 
unit in water 
CaSO. + HeZ — > CaZ + HSO. 
Calcium + Hydrogen Reacts calcium + Sulphuric 
sulphate, Zeo-Karb to Zeo-Karb, acid, 
a scale- form which which is 
forming remains a soluble 
compound in compound 
treatment and remains 
unit in water 


Upon mixing the products of the foregoing reactions, the 
mixed effluent will react further as follows, providing the proper 
ratio of NasZ to H2Z treated water is maintained: 


2Na2zHCOs + HeSOs — > NaSOs + 2H:0 + 2CO:2 
Sodium Sulphuric Reacts Sodium + Water + Carbon 
bicarbonate acid to sulphate dioxide 
form 
Similarly: 
CaSO + NaeZ CaZ + NaSO« 
Calcium + Sodium Reacts Calcium + Sodium 
sulphate Zeo-Karb to Zeo-Karb sulphate 
form 
Ca(HCOs)2 + HeZ CaZ + 2H2COs 
Calcium + Hydrogen Reacts Calcium + Carbonic 
bicarbonate Zeo-Karb to Zeo-Karb acid 
form 
Again with balanced proportions: 
Na2SOuw + 2H2COs3 — > «NaS + 2H20 + 2CO2 
Sodium + Carbonic Forms Sodium + Water + Carbon 
sulphate acid sulphate dioxide 


a2 NaoSO« does not enter the reaction. 

Note: In all of the foregoing equations magnesium may be substituted 
for calcium with the same result. 

For these reactions it is assumed that there is no excess of 
either effluent. 
tained so that there is a slight excess of effluent from the sodium 
units which allows a small amount of sodium bicarbonate to pass 
through the degasifier, unneutralized by the acid effluent. 

Thus, at the point where the effluents of the hydrogen and 
sodium units are mixed, the treated water contains sodium chlo- 
ride which is not affected by the treatment, sodium sulphate 
which has been converted from calcium and magnesium sulphate, 
carbon dioxide which results from the reaction between sulphuric 
acid and sodium bicarbonate and from the breakdown of the car- 
bonic acid, and a slight excess of sodium bicarbonate. The sub- 
sequent aeration and degasification of the mixed sodium and 
hydrogen effluent results in almost complete removal of the car- 
bon dioxide. 

Table 1 is indicative of the performance of these units in the 
treatment of Croton-supply water which is normal make-up 
water for Waterside Station No. 2. 

Although, as shown in Table 1, the degasification of the mixed 
effluent results in a reduction in CO: concentration from 30 to 2 
and a consequent decrease in total solids concentration of from 
65 ppm in the untreated water to 38 ppm in the treated water at 
the degasifier outlet, the current of air used to remove the car- 
bon dioxide saturates the water with oxygen. 

Deoxygenation of the treated water, accomplished by spraying 
it into a turbine condenser where it is exposed to a high vacuum 
and finally passing it through the deaerating feedwater heaters 
along with low-pressure condensate, removes the last traces of 
oxygen and carbon dioxide as shown in Table 2. 


In practice, however, the proportions are main- 
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TABLE 1 CHEMICAL PERFORMANCE OF ZEO-KARB UNIT 


2 : Mixed 
Sodium- Hydrogen- effluent 
P Z Raw water, Zeo-Karb- Zeo-Karb- of 
Chemical concentration, Croton unit unit degasifier, 
a expressed as ppm supply effluent effluent outlet 
» Total hardness, as CaCOs>... 45 0 0 0 
-Calcium hardness, as CaCOs.. 30 0 0 0 
‘Magnesium hardness, as 
MNOS 9 oct esns so ay'e)o018,5/sya:0%0: 0 sie. 15 0 0 0 
M.O. alkalinity, as CaCO3.... 34 29 —16¢ 4 
) Sodium alkalinity, as NazCOs 0 0 0 0 
ee carbon dioxide, COz..... 3 3 30 2 
mOhloride, as NaCl.........-- Zé 7 ue 7 
) Sulphate, as NazSOu......... 18 18 18 18 
Milica, SiOz... ....-..25566% 6 6 6 6 
BEAL BOOS 0.0 cwisiadis oie sie:ois'en 65 60 31 35 
Betitteyeletote ais .crere clelisle.@ 0:6, 6 eievere 7.2 eG 3.7 6.3 


@ Ratio of hydrogen to sodium effluent 56 : 44. 
b American Public Health Association soap test. 
¢ Free-mineral acidity, expressed as minus alkalinity. 


| Rate of flow Rate of flow 


of Permutit- of turbine Oxygen concentration, ppm Oz 
‘treated water, condensate, Degasifier Hotwell -—— Deaerator— 
' Ib/brX1000 lb/hr X 1000 outlet discharge Inlet Outlet 
200 300 8.5 0.3 0.3 0.005 
\ 300 300 .0 0.3 0.3 0.005 
400 300 9.0 0.5 0.7 0.006 
500 300 9.0 Wee 0.9 0.007 


} 


It will be noted that the oxygen concentration in the deaerated 
‘feedwater is negligible. The carbon-dioxide concentrations at 
‘the hot-well discharges and the deaerator outlets are also negli- 
sgible. This has been verified by the condition of the internal sur- 
‘faces of the economizer tubes which are practically free of cor- 
‘rosion. ; 


OPERATING EXPERIENCE 


Because of load conditions at the present time it is only neces- 
“sary to operate one set of treatment tanks. A second set is main- 
‘tained in a regenerated condition and, when the set in operation 
‘is chemically exhausted as indicated by analyses of the treated 
-water, which are performed by the operator, the second set is 
-olaced in operation. 

Experience has indicated that it is good practice to give a set 
fof units, which have been held in a regenerated condition, a 
fa rinse before being placed in operation. Chemical 
lanalyses of the rinse and of the treated water, immediately after 
-inse, are used as an index of rinse period. 

Under present conditions of operation, the maximum rate of 
| jreated-water flow has been approximately 30 per cent of total 
svaporation. The present steaming capacity of the boilers is 
“wpproximately 2,000,000 Ib per hr. 
Seasonal changes in water composition preclude the possibility 
of maintaining a constant ratio of hydrogen-to-sodium unit 
ffluent. It has, therefore, been necessary to vary the propor- 
“ion of the sodium effluent from approximately 44 to 48 per cent. 
“The amount of water passing through each of the units is inte- 
“rated on individual meters on each treatment tank. These 
veadings are used to ascertain the proportion at approximately 
'i-br intervals. Experience has shown that constant determina- 
ion of pH value is the best index of treated-water composition. 
‘\ glass pH electrode cell and recorder have therefore been in- 
talled to record the pH value of the treated water at the degasi- 
ier outlet. It has been found that, if the pH value of the water 
St this point is maintained between 5.5 and 6.5, satisfactory per- 
ormance results. 
_ The operation of the treatment units under ordinary conditions 
'3 handled entirely by the operator on watch. This includes 
- egeneration of the units, backwash, primary rinse, and necessary 
hemical analyses of the treated water. The operator checks the 
verformance of the operating unit by the integrating-water- 
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meter readings and the pH value of the water at the degasifier 
outlet to determine the proper ratio of each unit effluent. The 
following chemical analyses are considered adequate for proper 
control: 


Sodium-unit effluent Hydrogen-unit effluent 


Alkalinity to M.O. Free mineral acidity 
Hardness Hardness 


‘ Croton water 


Alkalinity to M. O. 
Hardness 


These analyses are made from three to five times for each 
softening cycle. Fig. 3 illustrates the typical changes of hard- 
ness in the effluent from a sodium unit during one complete cycle 
between regenerations, and Fig. 4 illustrates the changes of free- 
mineral acidity in the effluent from a hydrogen unit during one 
of its cycles. 

The operators have been trained to make cer- 
tain interpretations of the chemical-test results. 
If any unusual condition arises which the opera- 


Feedwater A mer We ; 
temperature tor cannot correct, a staff chemist is immedi- 
at Rez ree ately consulted. If the condition arises at a time 

deg F when a chemist is unavailable, the set of tanks 
oe in operation is immediately taken out of service 
ai and the second stand-by set is cut in. The units 
which indicated unusual conditions are then re- 
generated and rinsed and the rinse water sub- 
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jected to chemical analysis. Up to the present time, any un- 
usual chemical data have been found to result from faulty re- 
generation or rinse procedure. The performance of the units is 
checked daily by a chemist to insure proper operation. 


Errect oF PermMutir OPERATION ON INTERNAL BortpR Conpt- 
TIONS 


Since all the Permutit-treated water is fed to the high-pressure 
boilers, it is important that the concentration and proportions of 
the various salts present in the high-pressure-boiler water be 
carefully controlled. As previously stated, the internal feed- 
water treatment for the high-pressure boilers consists of sodium 
hydroxide and disodium phosphate in addition to the external 
treatment given the raw Croton water by the Permutit installa- 
tion. The sodium hydroxide is introduced at the deaerator out- 
lets in sufficient quantity to confer a pH value of approximately 
8.8 upon the feedwater which passes through economizers. The 
disodium phosphate is admitted directly to the boiler drum. 
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Because of critical circulation and carry-over conditions, it is 
necessary to maintain a total dissolved-solids concentration be- 
low 450 ppm in the boiler water. In addition, it has been found 
that high hydroxide concentration has resulted in foaming of 
boiler water which causes fouling of the turbine blading. The 
following limits have therefore been prescribed for the high-pres- 
sure-boiler water composition: 


Maximum Minimum 


ppm ppm 
IPhosphatesenaan coterie NasPO, 25 15 
Sodium hydroxide............ NaOH 30 20 
Sodium chloride............-- NaCl 150 3 
Sodium sulphate............. NazSOz 250 
Total dissolved solids..........+++--- 450 


In addition to the operation of the Permutit-treatment plant, 
the operator performs analyses of the high-pressure-boiler water 
at 2-hr intervals and advises the boiler operator as to hydroxide 
and phosphate feed and blowdown procedure. 

In order to remove sludge from the lower tubes and headers 
of the boiler, it has been found advisable to mass-blow water 
from the sectional header and waterwalls. This is done at ap- 
proximately 4-day intervals at a pressure of approximately 300 
psi. It has been found that this practice eliminates heavy ac- 
cumulations of sludge in the sectional-header pockets and tubes. 

After a year of operation of the Permutit-treatment installa- 
tion, during which the only water supplied to the high-pressure 
boilers was condensate from the low-pressure turbines and Per- 
mutit-treated Croton water, internal inspections of these boilers 
show a uniformly good condition. It has also been determined, 
as a result of recent inspections, that the economizers are free 
from deposits and corrosion. 


MAINTENANCE 


The maintenance of the treatment plant has been negligible 
during its first year of operation. There are no indications at 
the present time that any increased maintenance will be necessary. 


Actp AND SaLut HANDLING 


The handling of the sulphuric acid and salt has been satisfac- 
tory and no problems have arisen to date from an operating point 
of view. The treatment-plant operators have been trained by 
competent chemists in the handling of the acid and in the im- 
portance of using the protective equipment with which they are 
supplied. In addition, the acid-handling equipment for making 
up the dilute solution used for regeneration is so interlocked that 
it is practically impossible for an operator to add water to con- 
centrated sulphuric acid instead of adding acid to the water. 
Printed instructions on the operation of the plant are conspicu- 
ously posted, and caution signs are prominently displayed at 
the acid tanks and pumps. 


Discussion 


L. D. Brrz! anp R. T. Saeen.5 This paper is an interesting 
report on the application of a relatively new method of water 
treatment, namely, the application of zeolite softening in the 
hydrogen cycle and the advantages that can be obtained by such 
softening. 

While there is no known chemical method of water condition- 
ing today that would give a lower total solids content in the 
treated water, with the possible exception of a process involving 
anion exchange, it may be interesting to compare the method 


4 General Manager, W. H. & L. D. Betz, Philadelphia, Pa. 
A.S.M.E. 

5’ Manager, Consulting Director, W. H. & L. D. Betz, Philadel- 
phia, Pa. 
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described with methods that were available prior to the advent | 
Were it not for the relatively |} 
low total solids concentration which may be tolerated in the } 
boiler water, this alternate method could possibly have been con- 4 
sidered; by alternate method, reference is made to a system of i 
treatment with softening by a carbonaceous zeolite in the sodium 4 
cycle, followed by sulphuric-acid treatment and aeration. Con- | 


of softening in the hydrogen cycle. 


sidering the requisites of the system as outlined by the authors, 


such a method of treatment would give a water higher in total ; 


solids than that available with the hydrogen zeolite but would 


involve a smaller treating plant, a desirable feature as outlined q 
The following items of equipment | 


in the authors’ third requisite. 
would be eliminated: 


1 The automatically controlled Smoot regulating-proportion- | 


ing valves, with the possible danger of malfunctioning of these 
units. 

2. Therubber-lined shell and hydrogen-zeolite units. 

3  Rubber-lined piping. 

4 Sulphuric-acid-dilution system. 

5 Sulphuric-acid feed-and-injection system. 


To replace these units the following equipment would be re- | 


quired: 
1 Additional capacity for softening on the sodium-exchange 
cycle with carbonaceous zeolite. 


2 Concentrated sulphuric-acid-proportioning system to water — 


entering the degasifier. 


From the standpoint of handling the sulphuric acid, the neces- | 


sity of diluting the acid would be eliminated. It is evident that 
the physical size of the treating plant would be somewhat smaller. 

To compare the two systems properly, an evaluation of the 
chemical performance, which could be expected, should be made. 
Refer to Table 1, appearing in the paper. In Table 3 of this 


TABLE 3 ANTICIPATED RESULTS FROM WATER-SOFTENING 
PROCESS 


Sodium-zeolite 
effluent, 
acid-treated 


Raw-water Sodium-zeolite 


Croton supply effluent and aerated 

Total hardness, as CaCOs 45 0 (0) 
Calcium hardness, as CaCOs 30 0 0 
Magnesium hardness, as CaCOs 15 (0) 0 
Methyl-orange alkalinity, as 

CaCOs 34 34 4 
Free carbon dioxide, as CO2 3 3 2 
Chloride, as NaCl 7 ai 7 
Sulphate, as NazSOs 18 18 60 
Silica, as SiOz 6 6 6 
Sodium (by difference), as Na 3 24 24 
Total solids (by authors) 65 ave ae 
Calculated total dissolved 

solids 61 66 Ts. 


discussion, the same analysis is shown for the raw-water Croton 
supply and, for the sodium-zeolite-unit effluent. We have as- 
sumed the theoretical sodium-zeolite-softener effluent which 
should indicate no difference in the methyl-orange alkalinity and 
also should indicate some increase in total solids rather than a 
decrease as shown in the paper. This increase in solids is to be 
normally expected when the equivalent weights of the substances 
entering the base exchange are noted to be 12.2 for magnesium, 
20 for calcium, and 23 for sodium. In other words, for each 12.2 
parts by weight of magnesium removed, 23 parts of sodium are 
introduced and for each 20 parts of calcium removed, 23 parts 
per weight of sodium are introduced. On this particular analy- 
sis, an increase of about 5 ppm in solids is to be expected in 
the sodium exchange cycle. In the third column of Table 3, is 
shown an analysis of sodium-zeolite-softened water treated with 
sulphuric acid and aerated to give the same residual alkalinity 
as shown in the paper by the authors. An appreciable increase 
in sodium sulphate is indicated and the calculated total dissolved 
solids is shown as 77 ppm. Herein lies the disadvantage of this 
method of treatment compared to the combination-method soften- 
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ing in the hydrogen cycle, namely, 77 ppm of total dissolved solids 
in the make-up water, compared to 35 ppm, as shown in the 
mixed effluent of the degasifier outlet by the combination 
softening system. 
The authors indicate that about 70 per cent of the boiler feed- 
_ water is condensate and 30 per cent make-up water. While the 
total dissolved solids shown by the authors is a maximum for 
boiler-water concentration, approximately 35 ppm in the boiler 
“water will have been added by the introduction of internal-treat- 
ing chemicals, leaving about 415 ppm of solids which may be 
present because of concentration of solids in the feedwater. 


Sodium 
zeolite 
treated 
Sodium with 
zeolite; sulphuric 
' hydrogen acid plus 
zeolite aeration 
Total solids in make-up water, ppm.......... 35 ie 
)With 30 per cent make-up water, total solids 
Baminitcod water: pple set cies eae ain 10.5 23 


Cycles of concentration (415 ppm total solids 

DyACODCENULAGLON) ee ery el cise ee 40 18 
‘Blowdown to maintain total solids within 
} THireakdep, FORTE Sth ha in dingta oroneeo 0 Aig a earner 


2.5 5.5 

Because of the increased rate of blowdown required by the 
method of treatment employing sulphuric acid and aeration, 
this method suffers materially in comparison with the treatment 
method by sodium and hydrogen zeolite, as it will be noted that 
more than twice the rate of blowdown would be required. 

No comments are made on the silica concentrations found in 
the boiler water. On the silica content of the make-up water, 
as shown by the authors and with the cycles of concentration as 
indicated, a silica content of boiler water of approximately 72 
- ppm could be anticipated. The question is raised as to whether 
it may not be the silica concentration of the boiler water which 
is the limiting factor on the total solids that are now carried. If 
' this should be the case, a higher total solids could be carried with 
- the sodium-zeolite acid and aerated water used as boiler feed. 
With the present make-up water, the silica represents 17 per 
cent of the solids in the make-up water, shown by the mixed 
- effluent of the degasifier outlet. On the acid-treated and aerated 
water, the silica content is 8 per cent of the total solids. It 
should be pointed out, however, that this lower percentage of 
silica by the acid-treated and aerated system is not due to any 
removal of silica but rather due to the increase in other solids 
jin the water by the introduction of the sulphate ion. However, 
such a balance of solids might permit the maintenance of boiler- 
water solids at a somewhat higher level and overcome to some 
degree the great difference in the rate of blowdown shown to be 
necessary by the two possible systems. 

This discussion is presented not in any attempt to criticize the 
selection of a combination-treatment system, consisting of the 
' sodium-zeolite and hydrogen-zeolite method of softening in any 
way, but simply to enlarge upon its possible value, as well as to 
indicate other possible methods of treatment which might be 
- employed for the solution of such a feedwater-treating problem. 


i" . 
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It is quite likely that the authors considered such a system, as 
outlined in this discussion. The results which have been ob- 
tained have been very well reported by the authors and this pres- 
entation is a valuable contribution to the published literature 
on this subject. 


AvutHors’ CLOSURE 


The authors wish to express their appreciation for the helpful 
discussion presented on this paper. 

Consideration had been given to the alternate treating scheme 
mentioned by Messrs. Betz and Sheen, whereby the water would 
be softened by carbonaceous-zeolite units with subsequent acid 
injection and aeration. Despite the fact that this might have 
provided a cheaper initial installation, it would be far less eco- 
nomical to operate. With regard to the initial cost, since the 
same amount of softening material would have been required in 
either case and since some form of acid-proportioning equipment 
would be required in either case, it is felt that the cost of the rub- 
ber linings eliminated by the alternate scheme would constitute 
the only major saving. 

Where hydrogen Zeo-Karb units are employed to produce an 
acid effluent to neutralize the alkalinity of the sodium effluent, 
considerable softening (in our case over 50 per cent) is done in 
the hydrogen or acid units. It is felt that this dual function of 
the hydrogen units results in sufficiently lower costs of the soften- 
ing reagents to justify the expense of the rubber linings involved. 

As stated, by Messrs. Betz and Sheen, the solids concentration 
in the water treated by the alternate scheme would be 77 ppm 
or about twice as much as is obtained in the water treated by the 
sodium and hydrogen Zeo-Karb combination. They suggested, 
however, that this would be of little consequence if the concen- 
tration of silica in the boiler water were the limiting factor. 
That is, the rate of blowdown could be held the same as now pre- 
vails, provided the total concentration in the boiler water were 
allowed to double, which, of course, could be done without in- 
creasing the silica concentration now prevailing. 

In regard to this point, the authors doubt that it would be 
possible greatly to increase the boiler-water concentration with- 
out excessive carry-over from the boilers under present conditions. 
Hence, in all probability, it would be necessary to double the 
blowdown loss with the alternate scheme of feedwater treatment. 
This would amount to a loss equivalent to about 1.5 per cent of 
boiler efficiency. 

Even with the relatively low concentrations now being main- 
tained, in the high-pressure boilers, there is some carry-over of 
which a portion is silica. This silica, however, has been found 
only in the feed-heating section of but one of the two high-pres- 
sure turbines and in the latter stages of some of the low-pressure 
turbines. No silica scale has been found in the boilers. If a 
lower concentration of silica in the boiler water should be ad- 
vantageous, the quantity of blowdown could be doubled with 
the present system, which, of course, would halve the silica con- 
centration which now prevails. Under these conditions, there 
would probably be the additional advantage of a higher-quality 
steam, caused by correspondingly lower total-solids concentra- 
tion in the boiler water. 
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Adsorption Process for Removal of Soluble 
Silica From Water 


By L. D. BETZ,! C. A. NOLL,? ann J. J. MAGUIRE! 


Magnesium oxide has been shown to be particularly 
valuable in the removal of soluble silica from water. This 
paper deals with an adsorption process for silica removal 
which has been recently developed. This process is par- 
ticularly well adapted for use in conjunction with hot- 
process lime-soda softening, causing no increase in the 
quantities of either lime or soda ash. Removal of silica 
from solution is effected, not by a chemical reaction but 
by adsorption from solution. Adsorption data correspond 
to Langmuir and Freundlich adsorption isotherms. An 
outstanding advantage of this process is the fact that the 
solids content of the treated water is decreased, rather than 
increased. No increase in the total solids content of the 
treated water results as would be the case with the use of 
reagents such as ferric sulphate and magnesium sulphate. 
In common with other adsorption processes, the last traces 
of silica arethe most difficult toremove. Toillustratewhat 
can be accomplished in this respect data are presented 
from an actual full-scale plant test in which a silica con- 
tent of 6.3 ppm in the raw water was reduced to an average 
of 0.6 ppm in the treated water. Experience has also been 
gained in the treatment of a natural water in which the 
silica content was reduced from 56 ppm to 1 ppm in the 
treated water. 


boiler feedwater have become problems of major impor- 

tance in the design and operation of high-pressure power 
plants. No proposed power-plant design is complete without a 
detailed investigation of the type of feedwater conditioning that 
may be applied. One of the most important factors to be con- 
sidered in such an investigation is the silica content of the make- 
up water and the steps that may be taken for reduction of silica 
to a tolerable value. In many plants the permissible silica con- 
tent of the concentrated boiler water is the determining factor 
limiting the type of feedwater conditioning to be applied. 

Such requirements may stipulate that the silica content of the 
boiler water not exceed 10 ppm. If make-up water is to con- 
stitute more than a very minor percentage of the total feedwater, 
it is usually necessary to design the feedwater-treatment plant 
with the primary purpose of reducing the silica content. In 
many cases the stipulation of such low silica content of the 
boiler water is designed to provide against siliceous deposits on 
turbine blading. 

The deposition of calcium- and magnesium-silicate scales can 
usually be prevented in low-pressure operation by intelligent con- 
trol of boiler-feedwater conditioning unless the silica content of 


4 ke: difficulties attendant upon the presence of silica in 
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the boiler feedwater is in excess of 50r 10 ppm. In high-pressure 
operation, however, very minor quantities of silica in boiler feed- 
water have resulted in the formation of complex silicate scales. 

Sodium-alumino-silicate scales are normally referred to as 
analcite scales. Analcite has the formula Na,O-Al,0;4S8i02 
2H,0. Other sodium-alumino-silicate scales have been identi- 
fied by X-ray-diffraction methods which provide the most re- 
liable means of identifying these complex crystalline formations. 
Among the formations identified in scale from high-pressure 
boilers are cancrinite, NasAlsSigCaO35-2CO23H20; noselite, 
NasAlpSisOosSOu; and sodalite, NasAlsSisQag: Cle. 

The presence of aluminum can be noted in all of these deposits. 
Formation of such complex scales has frequently led to the dis- 
continuance of aluminum coagulants, particularly inasmuch as 
aluminum becomes soluble to an appreciable extent at pH values 
above 8 (1).4 Use of various forms of aluminum as a coagulant 
in hot- or cold-process lime-soda softening, therefore, may intro- 
duce the undesirable aluminum ion into the boiler feedwater. 

Silica is conventionally expressed as SiO, in a water analysis, 
Various investigators have made clear the distinction between 
erystalloidal and colloidal silica (2, 3, 4), They have indicated 
the major portion of the silica found in natural waters to be in 
the crystalloidal state. Silica present suspended in water in the 
form of mud can be removed by coagulation and filtration. The 
major problem in the conditioning of boiler feedwater is the re- 
moval of soluble silica from solution. 

Various methods for the removal of silica from boiler feedwater 
have been presented by different investigators. Among these 
has been the work of Schwartz on ferric sulphate and hydrous 
ferric oxide. He clearly outlines the inherent advantages and 
disadvantages of the use of these materials (4). It has been 
known that a certain amount of silica removal is effected in hot- 
process lime-soda softeners where there is an appreciable mag- 
nesium content of the raw water. Magnesium sulphate has been 
used in some instances for the purpose of silica removal. How- 
ever, until recently, no process was available that would effect 
any desired degree of silica removal without an increase in the 
solids content of the treated water, usually to such an extent as 
to prevent the practical use of this treated water. 

An adsorption process for silica removal has recently been de- 
veloped which permits reduction in soluble silica to practically 
any desired value with a decrease in solids content of the treated 
water, rather than an increase. Some laboratory data on this 
process have already been described by the authors (5, 6). 

Various forms of magnesium oxide have been tested from the 
relatively impure materials such as dolomitic lime, a mixture of 
calcium oxide and magnesium oxide, and calcined magnesite to 
the finer materials of U.S.P. grade. The material found most 
efficient and economically feasible for silica removal is a type of 
specially prepared adsorptive form of magnesium oxide, pre- 
pared from sea-water bitterns by the California Chemical Com- 
pany, and termed Remosil for identification purposes. Unless 
specifically stated otherwise results described were secured with 
the use of this material. 

Colorimetric silica was determined with the use of a Taylor 


4 Numbers in parentheses refer to the Bibiiography at the end of 
the paper. 
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analyzer and by a Klett-Summerson photoelectric photometer 
using the Betz photometric method (7). Gravimetric silica 
was determined in the conventional manner (8). 


Errect or TEMPERATURE 


A very important factor is the temperature at which silica re- 
moval is effected by means of magnesium oxide. The efficiency 
of silica removal increases with increase in temperature. Fig. 1 
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Fie. 2 Errecr or RETENTION 


illustrates the effect of temperature, showing the major increase 
in percentage silica removal resulting with an increase in tem- 
perature up to 95 C, the approximate temperature of operation 
of hot-process softeners. 


EFFECT OF RETENTION TIME 


Where the silica content of the raw water is to be reduced to 
the range of 2 to 5 ppm, little is to be gained by increase in time 
of retention above 1 hr at 95 C. In fact, equilibrium is reached 
almost completely in 15 min. In the cold, however, equilibrium 
is reached much more slowly. This is shown in Fig. 2. The 
data employed in plotting each curve were secured through the 
treatment of the same water with identical quantities of mag- 
nesium oxide. All conditions were held constant in each case 
with the exception of the fact that one series of tests was con- 
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ducted at a constant temperature of 95 C and the other series 
was conducted at a constant temperature of 23 C. 

Greater silica removal is effected at 95 C than at 23 C by the 
same quantity of magnesium oxide, as noted from these curves. 
The removal of silica is 85 per cent complete in 15 min and reten- 
tion over 1 hr yields little advantage at the higher temperature. 
At the lower temperature, however, there is a steady increase in 
the percentage silica removal with increase in retention time, 
although this curve too flattens with longer periods of retention. 


EFFreEctT oF PH 


Schwartz (4) has shown that the optimum pH value for re- 
moval of silica by ferric sulphate was 9 for the waters investi- 
gated. An investigation by the authors has indicated that the 
optimum pH range for silica removal by means of aluminum hy- 
droxide to be 8.3 to 9.1. However, at these pH values the alu- 
minum ion goes into solution making a pH range of 7.6 to 8.0 more 
suitable from a practical standpoint (1). Investigations of the 
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effect of pH on removal of silica by means of magnesium oxide 
have indicated the optimum pH value to be approximately 10.1. 

Fig. 3 illustrates the results obtained in the treatment of three 
different waters for varying degrees of silica removal. For each 
curve a constant quantity of magnesium oxide was employed, 
and the only factor varied was the pH. The point of maximum 
silica removal is observed in each case to occur at a pH of approxi- 
mately 10.1. It can also be noted from these curves that, with 
successive increases in the percentage of silica removal, the con- 
trol of pH becomes less critical. 

The optimum pH of 10.1 for maximum silica removal is readily 
obtainable with either hot- or cold-process lime-soda softening. 
On the other hand, with a pH of 9 for best results with ferric 
sulphate and a pH of 7.6 to 8 for best results with aluminum hy- 
droxide, it is evident that neither of these materials can be used 
with full efficiency in conjunction with lime-soda softening. 


MecuHanism or Sruica REMovAL BY MaGNEsIUM OxIDE 


In the various softening reactions normally encountered in 
water conditioning there is a stoichiometric relation or a constant 
reacting value. For example, a definite quantity of soda ash or 
disodium phosphate will always react with a definite amount 


BETZ, NOLL, MAGUIRE—ADSORPTION PROCESS FOR REMOVAL OF SOLUBLE SILICA FROM WATER 715 


TABLE 1 ADSORPTION DATA 
; b Original 
Magnesium Residual Silica silica Silica 
oxide, silica, removed, removed, removed 
ppm ppm ppm per cent per part MgO 
0 19.9 0.0 0.0 Be 
10 11.9 8.0 40.0 0.80 
30 5.9 14.0 70.2 0.465 
60 3.0 16.9 85.0 0.28 
100 2.0 17.9 90.0 0.18 
130 1.2 18.7 94.0 0.14 
0 10.1 0.0 0.0 oon 
10 tail 3.0 29.7 0.30 
30 4.4 4.7 56.5 0.19 
50 3.0 pk 70.3 0.14 
70 2.4 (ina 76.2 (Oyilal 
aren Conditions: 30-min stirring-and-retention time; temperature, 
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of calcium sulphate in accordance with the law of combining 
weights. Such a reaction is independent of the initial and final 
concentration of calcium sulphate. The removal of silica by 
means of magnesium oxide, however, is not a stoichiometric re- 
action but proceeds by adsorption from solution. Adsorption is 
conditioned by the extent of surface exposed, by concentration, 
by temperature, as well as the specific nature of the adsorbent 
and adsorbed substance. Adsorption data (9) on two waters of 
different silica content are presented in Table 1. 

The relationship between the percentage silica removal and 
the quantity of magnesium oxide employed is shown in Fig. 4. 
A straight line would be characteristic of a stoichiometric chemi- 
cal reaction, but, as can be noted, the line for each water rises 
sharply at first and then gradually flattens. The need for greatly 
increased quantities of magnesium oxide to effect removal of the 
last 10 to 20 per cent of the original silica content is characteristic 
of adsorption reactions. 

As can be expected with this type of reaction, the efficiency of 


silica removal (quantity of silica removed per part of magnesium 
oxide) decreases with increased removal of silica from solution. 
Fig. 5 illustrates this fact and indicates that, as larger quantities 
of silica are removed from solution in a given water, each in- 
crease in the amount of magnesium oxide removes successively 
less silica. 

This adsorption characteristic should not be confused to mean 
that the higher the initial silica content of a given water, the less 
silica will be removed per part of magnesium oxide. On the con- 
trary, as can be seen from Fig. 5, and Table 1, the higher the ini- 
tial silica content, the higher the quantity of silica removed per 
part of magnesium oxide. However, for any definite initial 
silica content of a raw water, as the amount removed from solu- 
tion increases with increase in quantities of magnesium oxide, 
the silica removed per part of magnesium oxide decreases. 

The empirical equation of Freundlich (10) is generally used to 
determine if a reaction proceeds by adsorption. This reaction 
may be expressed as 


= = Kcw" 
m 
where K and 1/n are constants 


x = quantity of material adsorbed 
m = quantity of adsorbent 
C = residual concentration of adsorbed material at equilibrium 


ll 


When the logarithm of x/m is plotted against the logarithm 
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of C, a straight line will result if the reaction involved corre- 
sponds to the foregoing equation. Plotting ona double logarith- 
mic scale the silica removed per part of magnesium oxide against 
residual silica in solution, as shown in Fig. 6, indicates the re- 
moval of silica from solution by magnesium oxide to conform 
with a Freundlich adsorption isotherm. 

Although adsorption reactions are normally more efficient at 
lower temperatures, the adsorption of certain colors and gums 
(11) like adsorption of silica are more efficient at elevated tem- 
peratures. 


REMOVAL OF SILICA IN CONJUNCTION Wits Limse-Sopa 
SorrENING 


Removal of silica from solution by means of magnesium oxide 
can proceed simultaneously with the removal of hardness by 
lime-soda softening. Both reactions can take place in the same 
tank and one does not interfere with the other. Since the op- 
timum pH value for silica removal, 10.1, is readily obtained with 
lime-soda softening, the environment provided by such softening 
is ideal for securing the most efficient removal of silica from solu- 


tion. 
No increase is occasioned in the amount of either lime or soda 
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ash used where magnesium oxide is employed in the removal of 
silica. Requirements of these softening chemicals remain unaf- 
fected by the magnesium oxide, whereas, the use of reagents such 
as magnesium sulphate, ferric sulphate, and dolomitic lime may 
require the use of large additional quantities of lime and soda ash. 

Magnesium oxide acts as an excellent coagulant in conjunction 
with the lime-soda process and reduces the turbidity of the ef- 
fluent from the sedimentation tank and filters. Where mag- 
nesium oxide is used for silica removal the need of an additional 
coagulant is eliminated. 

The hardness and alkalinity of a properly balanced lime-and- 
soda effluent are not increased by the use of magnesium oxide. 
There is no interference with the normal softening reaction, and 
it is often possible with the use of magnesium oxide to achieve a 
lower hardness and a lower alkalinity of the softener effluent than 
if only lime and soda ash were employed. 


TABLE 2. SILICA REMOVAL BY MAGNESIUM OXIDE IN CON- 
JUNCTION WITH HOT-PROCESS LIME-SODA SOFTENING 


Analysis 

Cal- Hard- Palka- M alka- 

cium Sodium Magne- Reten- ness linity linity Silica 
hy- carbo- sium tion as as as as 

droxide, nate, oxide, time, CaCOs, CaCOs, CaCOs, SiOz, 

ppm ppm ppm min ppm ppm ppm ppm 
ae ieee ae ae 34 0 50 37.6 
30 15 0 15 28 36 62 37.1 
30 15 200 15 28 34 66 3.6 
ts tor vee ae 96 0 26 21.8 
55 75 0 30 36 20 46 18.4 
55 75 100 30 34 18 42 12, 
as sens Ge ee 120 0) 10 19.9 
15 140 0 30 38 34 64 19.0 
15 140 100 30 32 26 54 1.0 
Nore: Conditions: Temperature, 95 C. 


TABLE 3_ SILICA REMOVAL BY MAGNESIUM OXIDE 
EMPLOYING SODIUM HYDROXIDE 


Analysis 
Sodium Magne- Reten- Hardness P alka- M alka- Silica 
hydrox- sium tion as linity as__linity as as 
ide, oxide, time, CaCOs, CaCQs, CaCOs, SiOz, 
ppm ppm min ppm ppm ppm ppm 
a ae Ay, 54 0 36 21.3 
66 100 30 44 28 68 0.7 
ye a B, 60 0 22 31.0 
60 150 30 20 34 66 3.0 
a eat ie 74 0 70 56 
30 300 15 66 20 72 2.5 
Note: Conditions: Temperature, 95 C, 


Table 2 illustrates typical results of the use of magnesium 
oxide in conjunction with hot lime-and-soda softening on waters 
of relatively high silica content. Even the higher quantities of 
magnesium oxide necessary in these cases did not occasion an in- 
crease in the quantities of lime or soda ash or interfere with 
softening efficiency. 


Sinica RemovaL BY Macnestum Oxiprk EmMpitoyine Sopium 
HypROXxIDE 


On waters of relatively low hardness it may not be desirable to 
attempt softening by the lime-soda process. In such cases, 
sodium hydroxide or lime only may be used to establish the 
proper pH value for most efficient silica removal. In such cases, 
some degree of softening may be effected. 

Table 3 illustrates results obtained on waters of relatively high 
silica content,-employing with magnesium oxide sufficient so- 
dium hydroxide for efficient silica removal. 


SmuicA RemovaL In ConsuncTion Wira Hor-Procrss Pxos- 
PHATE SOFTENING 


Where it is desired to effect practically complete removal of 
hardness externally, hot-process phosphate softeners are fre- 
quently employed. These may be installed taking as feedwater 
to the phosphate unit, the effluent of a hot-process lime-soda 
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softener which has already effected removal of the major por- 
tion of the hardness of the raw supply. Obviously, in such 
cases, silica removal can be effected in the lime-soda unit, and 
the partially softened and silica-free effluent passed to the phos- 
phate softener where the hardness removal is completed. 

Where a phosphate softener operates directly on the raw supply 
without preliminary hot-process softening, it is desirable to ef- 
fect silica removal and hardness reduction in two-stage opera- 
tion. Silica removal can be first accomplished by magnesium 
oxide in conjunction with lime or sodium hydroxide and then 
followed by phosphate softening, after sedimentation of the pre- 
cipitates from the silica-removal process. Magnesium oxide 
possesses the property of adsorbing phosphate from solution as 
well as silica, hence the desirability of two-stage operation. It 
is not necessary that two sedimentation tanks be employed, but 
the dual process of silica removal and softening can be accom- 
plished in one tank if properly designed for the purpose. 
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Fie. 8 RecrrcuLATION or MAGNESIUM-OxIDE SLUDGE 


_Phosphate softening can be applied to the effluent of the silica- 
removal system as represented by the treated waters in Tables 2 
and 8. There will be no increase in the silica content and prac- 
tically no change in the characteristics of these treated waters 
with the exception of reduction of hardness to zero and the main- 
tenance of approximately 5 to 10 ppm excess phosphate. 


RECIRCULATION OF SLUDGE 


It has previously been shown by Table 1, and Fig. 5, that the 
silica removed per part of magnesium oxide decreases with lower 
residual silica in solution. Table 1 shows that, on a water of 
19.9 ppm initial silica content, the use of 130 ppm magnesium 
oxide reduced silica to 1.2 ppm, 0.14 part silica being removed 
per part of magnesium oxide. Where only 30 ppm magnesium 
oxide were used, however, silica reduction was effected down to 
5.9 ppm, and 0.465 part silica was removed per part of magnesium 
oxide. It is evident, therefore, that in this case the used mag- 
nesium oxide for treatment down to 1.2 ppm silica still possesses 
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a silica-removal capacity of 0.325 (0.465 — 0.14) part silica per 
part of magnesium oxide. This capacity for silica removal can 
be employed on the original water to reduce its silica content to 
) 5.9 ppm. In this manner the partially spent magnesium oxide 
can be used for partial silica removal and thus result in the use of 
a lesser quantity of fresh magnesium oxide to reduce the silica 
from 5.9 ppm to 1.2 ppm. Recirculation of sludge provides an 
opportunity for increasing the efficiency of silica removal in 
' this fashion. By recirculation the quantity of magnesium oxide 
necessary to accomplish a given silica removal has been reduced 
by as much as 60 per cent. 

The steeper the slope of a Freundlich adsorption isotherm, the 

greater benefit is to be gained by recirculation of the partially 
spent magnesium oxide. Reference to Fig, 6 will show rela- 
tively steep slopes of the isotherms, indicating that considerable 
benefit may be derived through recirculation. 
Fig. 7 illustrates in a similar manner to Fig. 5 the decrease in 
_) the silica removed per part of magnesium oxide with increased 
removal of silica, without recirculation of sludge. The results 
, obtained with sludge recirculation are also shown. As can be 
noted the silica removed per part of magnesium oxide is consider- 
ably greater with recirculation. A major improvement in the 
_ efficiency of silica removal is thus obtained. 

An interesting point also noted is that with recirculation, as 
greater quantities of silica are removed from solution, the silica 
removed per part of magnesium oxide increases. In this particu- 
lar case, therefore, it is evident that recirculation has also pro- 
vided a means of overcoming one of the most troublesome char- 
acteristics of adsorption. By recirculation it is actually possible 
to increase the silica removed per part of magnesium oxide with 
increasing removal of silica from solution. 

The practical application of recirculation is very simple. 
Fig. 8 illustrates the method of sludge recirculation employed 
with a lime-and-soda softener. Since it is adsorption of silica 
by means of the recirculated magnesium precipitates which ac- 
complishes silica removal, there is no change in the chemical 
balances maintained on the softener effluent. Recirculation af- 
fects the characteristics of the softener effluent only with respect 
to a reduced silica content. 


CoMPARISON OF VARIOUS ForMsS OF MAGNESIUM OXIDE 


A number of different forms of magnesium oxide have been 
investigated for use in the removal of silica from water. Many 
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|) of these materials, such as, magnesium sulphate and dolomitic 
lime, may considerably increase the solids content of the treated 
water. Fig. 9, however, simply illustrates the comparison of the 
silica-removing capacity of each of the substances listed. Re- 
sults, on which Fig. 9 are based, were obtained through the treat- 
ment of the same raw water with 150 ppm of each reagent. 
Efficiency of each material is expressed in terms of the percent- 
age of original silica removed. Inasmuch as the removal of the 
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last 10 to 20 per cent of the original silica content of the water, 
as previously noted, requires the higher quantities of reagent and 
is most difficult to remove, it is evident that those materials which 
removed over 80 per cent of the original silica content possess 
very high silica-removal capacity. 


CoMPARATIVE TESTS ON Srtica REMOVAL 


One of the major advantages of the use of magnesium oxide for 
silica removal is that silica can be removed and the solids con- 
tent of the water actually decreased by this process, rather than 
increased. Where magnesium sulphate or ferric sulphate are 
employed for silica removal, an alkali is necessary for the pre- 
cipitation of the respective hydroxides. Where sodium hy- 
droxide is employed for this purpose, it is obvious that the sodium 
sulphate resulting from this reaction will materially add to the 
solids content of the treated water. The amount of sodium 
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sulphate so introduced, in the case of high-silica waters, may ex- 
ceed the solids content of the raw supply by several hundred 
per cent. 

Dolomitic lime for use in silica removal was investigated and 
reported upon by Behrman and Gustafson (12). These investi- 
gators concluded that this material could not be successfully used 
for silica removal. Tests made by the authors have shown that 
silica removal may be accomplished by means of dolomitic lime 
but the increase in solids content, either in the form of hardness 
or alkalinity, occasioned by the use of this material may make 
such a process impractical for certain water supplies. 

Dolomitic lime is prepared by the roasting of dolomite which 
is a mixture of calcium and magnesium carbonate. Calcium 
oxide or unslaked lime and magnesium oxide result from this 
roasting process and the mixture is termed dolomitic lime. The 
magnesium oxide present in dolomitic lime can, if in the proper 
form, remove silica but introduces at the same time a large 
amount of calcium oxide. On a relatively soft water this cal- 
cium oxide will materially increase the hardness. The quantity 
of magnesium oxide, combined in dolomitic lime, that is necessary 
for silica removal exceeds considerably the amount of calcium 
hydroxide required for the removal of carbonate hardness. The 
increased calcium content of the water must then be removed 
by the use of soda ash, precipitating calcium carbonate but re- 
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TABLE 4 COMPARATIVE TESTS ON SILICA REMOVAL 


718 
Original 
water Test 1 
Hardness as CaCOs, ppm...... 56 48 
Sulphate as SOs, ppm......... 14 14 
Chloride as Cl, ppm.......... 19 19 


P alkalinity as CaCOs, PPm..<. 0 20 
M alkalinity as CaCO3, ppm. 60 68 
b plavoy eueaatetalene fever elepenenanemencier ets Cot 9.3 
Eines 28 10s PPIs anaes nes 48 2.5 
Shee removed per part reagent 
Dee es Te Oa tacre erate 0.175 
Silica removed per part MgO 
in reagent used.......-.5-+. 0.180 
pee oxide (Remosil), 
POO O LOD EKO UG OSS 260 
Bods hydroxide, ppm....... 50 


ee sulphate (MgSO: 
7H20), p 
Dolomitic Bie (35.5 per cent 
MgO), ppm.....-.--+++++-+ 
Sodium carbonate, ppm....... 
Ferric sulphate (Ferrisul), ppm 


Notr: Conditions: Tests 1 to 5 inclusive; 


Test 2 Test 3 Test 4 Test 5 Test 6 
24 148 242 8 48 
484 478 14 14 276 
19 19 19 19 19 
68 18 132 568 12 
140 102 168 602 74 
9.8 8.9 11.1 is 9.0 
3.0 3.8 2.8 18.4 14.6 
0.034 0.033 0.062 0.041 0.089 
0.209 0.205 0.176 0.115 
325 160 200 
1320 1320 weve weds 
725 725 
Bice 670 es 
cart 375 
15-min stirring-and-retention time; temperature, 


95 C. Test 6; 60-min stirring-and-retention time; temperature 25\C. 


TABLE 5 SUMMARY OF FIELD TESTS ON SILICA REMOVAL 


Softener- Magne- Silica 

Raw-water effluent sium removed 

silica as silica as oxide per part 

SiOz, SiO2, (Remosil), magnesium 

Date ppm ppm ppm oxide 
12/7/39 6.2 3.4 15 0.19 
12/5/39 and 12/6/39 6.4 2.3 25 0.16 
12/11/39 to 12/14/39 6.3 0.6 40 0.14 
12/4/39 6.3 0.2 60 0.10 


leasing an equivalent amount of objectionable sodium hydroxide. 
This results in high solids and alkalinity of the treated water. 

Fig. 10 illustrates the fact that increase in the temperature at 
which silica removal takes place materially aids in the efficiency 
of silica removal by means of dolomitic lime in the same manner 
as increase in temperature aids removal of silica by magnesium 
oxide, as was shown in Fig. 1. 

Table 4 illustrates the results obtained in the treatment of a 
raw water with the use of magnesium oxide, magnesium sulphate, 
dolomitic lime, and ferric sulphate. On a raw water of the type 
employed, it is evident from the analyses of the treated waters 
that removal of silica by magnesium sulphate, dolomitic lime, 
and ferric sulphate introduces exceedingly large solids content 
and the resulting characteristics of the treated water will present 
difficulties if used as boiler feedwater. 


Fretp Tests on Sinica REMOVAL 


The use of magnesium oxide for silica removal, in combination 
with hot-process lime-and-soda softening, has been proved under 
actual field conditions. The following data, secured from the 
first field tests conducted at the Lester, Pa., plant of the Westing- 
house Electric and Manufacturing Company, are typical of 
those secured under plant conditions without recirculation of 
sludge. 

Table 5 summarizes the results obtained in the removal of 
silica employing magnesium oxide. The values for the silica 
content of the raw and softener effluent are averages of tests 
made on samples composited from the softener effluent at 2- 
hr intervals and from the raw water at 4-hr intervals of the dates 
noted. It can be observed that the silica removed per part of 
magnesium oxide decreases with increased removal of silica from 
solution. 

Fig. 11, based on the results given in Table 5, shows the plot 
of percentage of original silica removal against quantities of 
magnesium oxide employed. Like Fig. 4, which was based on 
laboratory data, the curve flattens with increased quantities of 
magnesium oxide as is characteristic of adsorption. 

Fig. 12 illustrates a Freundlich adsorption isotherm plotted 
from the data of Table i» It can be noted that the slope of the 
line is considerably less than was secured in the case of the labora- 


tory data shown in Fig. 6. Although recirculation of sludge 
was not employed in these tests, the accumulation of sludge tak- 
ing place in the sludge cone of the sedimentation tank will yield 
effects similar to partial recirculation. Experiments in labora- 
tory beakers without recirculation result in the water coming in 
contact with only the quantity of magnesium oxide used in the 
treatment of the individual 1-liter sample. 

Under field conditions, however, if the sedimentation tank is 
desludged only once in 8 hr and the softener is operating at its 
rated capacity, there is the possibility of the treated water com- 
ing into contact with 8 times the quantity of magnesium-oxide 
sludge as was used in the treatment of an individual quantity of 
the water. Although this sludge will not, of course, come into 
the desired intimate contact with the raw water, there will be 
some effect observed as if a very small amount of recirculation 
were applied. This effect, coupled with the fact that a lesser 
quantity of adsorbent is always required under field conditions 
than under laboratory conditions, results in decreasing the slope 
of the Freundlich isotherm. 


Fintp Tests on Coaguuation Wirs Macnesium OxipE 


It has been mentioned previously that, with the use of mag- 
nesium oxide for silica removal in hot-process lime-soda softeners, 
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excellent coagulation is secured and the need for additional coagu- 
lants is eliminated. Fig. 13 illustrates the turbidity determined 
on samples of effluent from the sedimentation tank and filter of 
the Cochrane hot-process unit at the Lester plant under compara- 
ble load conditions. Two series of tests were made using, in 
one case, 10 ppm magnesium oxide, and in the other case, 20 ppm 
30 
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of a sodium-aluminate solution of 21.6 per cent, Al,O; content. 
Turbidities were determined with the use of a Hellige turbidime- 
ter, immediately after collecting and cooling the samples. 


Fimuip Trsts on Sitica RemovaL With RECIRCULATION 


The tests to be cited are typical of the silica removal which 
has been accomplished with recirculation of the partially spent 
magnesium-oxide sludge. These results are particularly interest- 
ing because of the high silica content of the raw water of 51.5 
ppm as SiO. 

Fig. 14 illustrates the silica removal accomplished in a hot- 
process lime-soda softener with three different rates of feed of 
magnesium oxide at 25, 50, and 75 ppm. Reduction of silica to 
4.5 ppm was obtained by the use of 75 ppm magnesium oxide. 
In these tests the magnesium oxide was simply added to the chemi- 
cal mixing tank of the softener along with lime and soda ash. 
Recirculation of sludge was employed in the manner shown in 
Fig. 8. 

Fig. 15 illustrates the typical reduction in adsorption efficiency 
(quantity of silica removed per part of magnesium oxide) with 
increased removal of silica from solution. The effect of sludge 
recirculation can be noted in the relatively high quantity of 
silica removed per part of magnesium oxide, corresponding during 
the first part of the curve to better than 1 part of silica removed 
per part of magnesium oxide employed. 


CoNCLUSION 


The efficient removal of silica from solution by means of magne- 
sium oxide has been shown by laboratory and field tests. Com- 
parative tests have indicated the superiority of magnesium oxide 
over the other reagents employed, not only in the quantity of 
silica removed per part of reagent employed but also with respect 
to the solids content of the treated water. It should be borne 
in mind, however, that the laboratory results presented have 
been secured under certain definite conditions and usually at re- 
tention times less than 1 hr. Before the requirements of magne- 
sium oxide necessary for silica removal for any certain water can 
be calculated, it is necessary to know the temperature of opera- 
tion, retention time permitted, equipment available, whether or 
not softening is also to be effected in the same tank, and whether 
recirculation of the partially spent magnesium-oxide sludge is 
to be employed. In translating laboratory requirements into 
terms of practical operation, it should be remembered that a 
lesser quantity of magnesium oxide is required under field condi- 
tions than in the laboratory and also that recirculation of sludge 
provides an opportunity for securing as much as 60 per cent re- 
duction in magnesium-oxide requirements. 
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Silica in High-Pressure-Boiler Water 


By HAROLD FARMER,! PHILADELPHIA, PA. 


The advent of high steam pressure has resulted in many 
boiler-tube failures in which silica appears to have played 
avery significant part. Attention is called in this paper to 
the fact that silica trouble appears to be more prevalent in 
high-pressure boilers having high rates of heat input. 
Trouble has occurred irrespective of high or low silica con- 
tent in the boiler water, although silica scale does not form 
in all boilers irrespective of the amount present. The 
author points out the need for more basic knowledge re- 
garding the behavior of silica in boiler water at high pres- 
sures and temperatures, as well as the development of 
satisfactory methods for determining the form in which 
silica exists in the boiler water. 


dent that recognition is being given to the fact that the pres- 

ence of silica is a factor of major importance in controlling 
satisfactorily the water conditions in high-pressure boilers. The 
author has had some experience with this problem and has also 
had an opportunity to observe the results obtained by other in- 
vestigators. 

Generally speaking, the presence of silica in boiler water at 
steam pressures below 600 psi has not given serious trouble or else 
it could be satisfactorily controlled. 

The advent of steam pressures of the order of 1200 psi has re- 
sulted in many tube failures in which silica appears to have played 
a very significant part. In some instances, failures have occurred 
when the silica content of the boiler water has been lower than 20 
ppm. This has occurred even when other water conditions with 
respect to alkalinity, pH, and the freedom from scale-forming 
salts, such as calcium and magnesium, were considered ideal. 


Deen the last two years, it has become increasingly evi- 


Wuere Sirica TrouBLE Is Founp 


It has been observed, in high-pressure boilers of low heat input, 
that the trouble from silica deposits has not been especially seri- 
ous. Most of the silica trouble has occurred in high-pressure 
boilers having high rates of heat input. However, this does not 
imply that all high-pressure boilers, having high rates of heat in- 
put, will experience difficulty from silica. It may be, however, 
that the high rate of heat input at high rates of evaporation will 
upset the proper circulation and result in starvation and dry areas, 
under which condition, soluble salts including silica may deposit 
on the dry-area surfaces. When these surfaces are again wetted 
the soluble salts dissolve again but, due to the increased tube 
temperature during the starvation period, the silica present may 
undergo a change in structure and, in this form, may not now be 
soluble. Repeated cycles of starvation will ultimately build up a 
deposit of silica which will cause overheating of the tube with 
ultimate failure. Some of these failures have manifested them- 
selves by characteristic blistering. 

In contrast to this type of failure, some do not have the blister, 
the failure being characterized by a small hole in the tube, which, 
when examined from the inside, gives the appearance of corrosion 
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and overheated metal. Study of the tube metal on the inner 
surfaces shows that the portion which failed is often surrounded 
by a hard silica scale. This type of failure has been attributed 
by some investigators to the same cause as that mentioned, i.e., 
starvation with formation of silica deposits. The ultimate fail- 
ure, however, is attributed to some condition which might cause a 
small piece of the scale to break away or flake off from the tube 
surface, resulting in this small area (relieved of material which 
tended to reduce the heat transfer) trying to absorb too much 
heat, causing dissociation of water and consequent failure of the 
tube. 

The theory advanced to explain this type of failure, if correct, 
is of more than passing interest, because a similar condition could 
exist on the furnace side of the tube as on the water side. Imag- 
ine a powdered-fuel furnace with a tube completely slagged 
when, suddenly, a small piece of the slag falls away leaving a 
clean surface; this would be similar in all respects to the breaking 
away of scale on the inside of the tube. While we have no proof 
to support this theory, we have evidence of tube failures in the 
furnace when there is no sign of scale on the inside of the tube. 

There is no doubt but that the silica problem is serious. As in 
the case of many other problems of the past, we must go through a 
period of failures in order to gather sufficient data, first to develop 
theories and then to substantiate them until they are generally 
accepted. Ultimately, evidence must be developed to show that 
they follow definite laws. However, the number of data now 
available might be correlated by some research group with a 
thorough knowledge of the problem, coupled with operating ex- 
perience, at least to establish an intelligent starting point for at- 
tacking this problem. 


Sizica SHouLD Br at A MINIMUM IN FEEDWATER 


Information now available definitely indicates that silica in 
any form should be maintained at a minimum value in the boiler 
water. Even with good condensate feedwater, assuming the 
total dissolved solids to be 1 ppm, the water may contain 0.1 ppm 
of silica, This seems like a very insignificant amount but, when 
we consider that many of the present-day high-pressure boilers 
evaporate their own volume of water 5 times in 1 hr, this insig- 
nificant figure represents 12 ppm of silica in the boiler in 24 hr. 
Many operators set this figure as the limit and resort to blowing 
down the boilers when this value is approached. If for any 
reason a slight increase in condenser leakage takes place, the silica 
content of the water is yet further increased, necessitating more 
frequent blowing down of the boiler. In many high-pressure 
plants, it has been necessary to maintain a 24-hr constant super- 
vision of the chemical control in order to assure satisfactory water 
conditions in the boilers. 

Plants which operate with a large amount of make-up water, 
which is not evaporated make-up, must resort to external chemical 
treatment for removal of silica. The present effectiveness of such 
treatment appears to have a limitation of about 2 ppm of silica 
residual remaining in the water. Waters of this character may 
necessitate continuous blowing down of the boilers in order to 
maintain silica not in excess of 12 ppm. Frequent blowing down 
of high-pressure boilers is not looked upon with much favor by 
the operators. 


Merruops oF PREVENTING SILICA SCALE 


The use of internal chemical treatment for the prevention of 
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silica scale in high-pressure boilers has in some instances been 
given consideration but, as yet, this treatment has not proved 
very satisfactory. Some instances have been reported where the 
cure was worse than the disease. One reason why some internal 
treatments may not have been satisfactory is because of the lack 
of the extremely careful supervision and control of the variables 
present in the water at all times, which is vitally necessary to 
uccess. 

Many who have made chemical analyses of boiler deposits and 
scale know that such analyses have limitations but that we can 
rely on them to determine the quantities of certain elements pres- 
ent. However, when we wish to know just how these elements 
exist in combination with each other, the information is lacking or 
at the best it is only hypothetical. A knowledge of the combina- 
tion and form in which the elements exist is definitely of more im- 
portance because it throws light on the physical conditions which 
played a part in the production of the scale. For example, nearly 
every chemical analysis of boiler scale shows or reports silica as 
silicon dioxide (SiO2). In reality it is total silica reported as SiO». 
When it is realized that this reported silica probably could have 
existed in five different forms, all having different physical proper- 
ties, we begin to realize that the quantitative determination of 
the silica present is not the complete story. 

Quite recently, several investigators have employed the X-ray 
diffraction method of analysis for boiler scale and deposits. This 
method has made it possible to identify compounds of the ele- 
ments which, from the knowledge of the physical properties of the 
compounds, has enabled the investigator to indicate, for example, 
the temperature at which certain compounds would or could have 
been formed. Information of this character correlated with tube- 
temperature measurements may furnish reliable data with respect 
to poor circulation or to the possible formation of scale which may 
be troublesome. The author takes this opportunity to state that 
the absence of scale, as shown by boring, is not reliable since 
many of these silica scales are so hard and tough that some of the 
best cutters ride over the surface of the scale. 


TURBINE-BLADE DEPposITS 


While this paper is supposed to be confined to silica in high- 
pressure-boiler waters, it would be an omission if some reference 
were not made to the aftereffect of silica, namely, the turbine- 
blade deposits. If there were no carry-over with steam, we could 
forget about the turbine, but most boilers have some carry-over. 
Examination of any turbine-blade-deposit analysis always shows 
the presence of some silica and, in most cases, entirely out of pro- 
portion to the silica and other constituents of the boiler water. 
This of course can be explained but it might appear, at first glance, 
that silica carry-over was selective. While this is not generally 
accepted, it does appear that the form in which silica exists in the 
boiler water may have a bearing on the nature of the silica deposits 
formed on the turbine blades. For example, in some instances, 
we find the deposit to be entirely silica (SiOz), deposited like an 
enamel, not water-soluble, and hard to remove. In other in- 
stances, we find the deposit to be in various stages of dehydrated 
sodium silicate, some of it is water-soluble and some of it is not, 
depending upon the degree of dehydration. ‘The temperature of 
the superheated steam of course plays a large part in the form in 
which the silica may exist on the blades, but there is also some 
evidence that the form in which the silica exists in the boiler 
water is related to the form of silica found on turbine blades. 


CoNCLUSION 
In conclusion the writer wishes to point out certain significant 


observations: a* 
1 The presence of silica in high-pressure-boiler waters has 
been blamed for certain types of tube failures. 
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2 The experience of many plant operators indicates the neces- 
sity of maintaining the silica content of the boiler water at a 
minimum (not in excess of 15 ppm). 

3 When poor circulation exists, under certain conditions, the 
presence of small quantities of silica in the boiler water may cause 
serious trouble by deposition of silica scale which reduces the heat 
transfer and results in overheating the tube. 

4 There is evidence to indicate that boilers having a high rate 
of heat input have experienced more trouble from silica scale than 
boilers having a low rate of heat input. 

5 Silica scale does not form in all boilers irrespective of the 
amount present. The condition in which the silica exists in the 
boiler water is an important factor and should be evaluated, to- 
gether with the operating conditions of the boiler. 

6 There is a lack of definite information regarding the be- 
havior of silica and its compounds in boiler water at high pressures 
and temperatures. 

7 Some operators have blamed poor boiler circulation for the 
deposition of silica scale which has been the direct cause of tube 
failure. It is possible that the boiler designer can make further 
improvements in the circulation of high-pressure boilers, but this 
does not relieve the boiler-water chemist from the obligation to 
find ways and means for controlling satisfactorily the silica in 
high-pressure-boiler waters. 

8 The control of water conditions in high-pressure boilers re- 
quires a careful and continuous supervision in order to insure 
satisfactory conditions in the boiler at all times. 

9 It would seem that the Joint Research Committee on Boiler 
Feedwater Studies is a logical body to sponsor an investigation of 
the silica problem in high-pressure-boiler waters. 


Discussion 


E. P. ParrripGs? anp R. E. Hauy.? The author has presented 
a general indictment of silica; let us consider briefly the indi- 
vidual charges which may be drawn against it: 

Silica Accelerates Embrittlement. Resolving some earlier dis- 
crepancies between their experimental results, Schroeder and 
Berk,‘ and Straub and Bradbury® each found 5 years ago that as 
little as 3 or 4 parts of silica for each 1000 parts of caustic soda 
greatly stimulated intergranular attack by concentrated solutions 
of the latter on stressed steel. A normal boiler water, containing 
100 ppm of NaOH might accordingly, when concentrated in a 
riveted seam, be fully capable of producing embrittlement even if 
it contained less than 0.5 ppm of silica. 

Silica Causes Deposits in Boilers. As noted in the paper, silica 
may appear in various forms in boiler deposits. Studies with the 
polarizing microscope and with X-ray diffraction have revealed a 
variety of compounds definitely present in various boilers. 

Calcium silicate, like calcium sulphate, forms a hard dense 
scale on heat-transfer surfaces. Clark and Bunn® report that 
four hard calcium-silicate scales consisted of zonotlite, 5CaO- 
5Si0."H.O. In one soft scale, they found a sodium-calcium sili- 
cate, corresponding to the mineral pectolite, Na,O:4Ca0-6Si02- 
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HO. In our own work,’ we have observed, in addition to zon- 
otlite, a calcium silicate with refractive indexes corresponding to 
hillebrandite, 2CaO-SiO.-H.0. 

Sodium-aluminum silicate in the form of analcite- Na:O-Al,0;- 
48i0,:2H,0, was first reported as a boiler scale by Powell.® A 
similar complex silicate with a lower ratio of SiO, to Na,O and 
Al,O; has also been identified more recently in the course of our 
own work. Scales comprising these constituents develop on 
those heat-transfer surfaces where, because of either an ex- 
tremely high rate of heat input or limited circulation, localized 
evaporation to an excessive degree takes place. 

Another product of this same type of action is the sodium-iron 
silicate, acmite, Na,O-Fe20s4SiOz, found occasionally in over- 
heated slag-screen or waterwall tubes, or along the ceiling of top- 
row tubes in straight-tube cross-drum boilers. 

Silica itself, in the crystalline form of quartz, occasionally ap- 
pears as a major constituent of a scale along with analcite. 

All of the substances noted, other than the rarely occurring 
pectolite, generally form compact scales so hard that mechanical 
removal is difficult. In contrast, magnesium silicate typically 
occurs in a boiler as a soft, sludgy deposit. The individual parti- 
cles appear amorphous, like the mineral meerschaum; the X-ray 
diffraction pattern corresponds to chrysotile, 3Mg0-2Si0.2H20. 

Silica Forms Deposits in Turbines. Carry-over to turbines has 
produced not only deposits of readily water-soluble salts, among 
which sodium silicate may be a prominent constituent, but also 
insoluble hard deposits of silica which can be removed only with 
difficulty. The constitution of these deposits of silica changes 
from the crystal form of quartz in the higher temperature stages 
to amorphous silica in the subsequent stages. 

These charges preferred against silica are admittedly grave, 
particularly at a time such as the present, when an unscheduled 
outage of a boiler or turbine may be a real calamity, and scheduled 
outages are to be postponed as long as possible. 

As a saboteur of power production, silica now gains the atten- 
tion held by calcium sulphate a quarter of a century ago during 
the first World War. Since that time, controlled conditioning with 
phosphate has liquidated scales of calcium sulphate and all other 
calcium compounds, including calcium silicate. What measures 
can be taken against silica in its other aspects? 

To exclude silica from the boiler water would require the evapo- 
ration of make-up, with no carry-over from the evaporators and 
no contamination of condensate returns by condenser leakage, 
storage in. concrete tanks, or otherwise. ven under the best 
practical conditions, it would be difficult to prevent the concen- 
tration of silica in the boiler water from reaching the fractional 
part per million capable of accelerating embrittlement. Protec- 
tion against this type of metal cracking must be sought by other 
means: (1) From the mechanical viewpoint, by the use of one- 
piece drums; (2) from the chemical viewpoint, by testing the 
response of each boiler water to the various inhibitors which have 
been suggested. In this connection, our thanks are due Straub 
and Bradbury? on the one hand, and Schroeder, Berk, and 
O’Brien,?” on the other, for the development of testing equipment 
which is putting an end to the “Dark Ages” of blind faith, or 

7“Some Applications of the Polarizing Microscope to Water- 
Conditioning Problems,”’ by E. P. Partridge, Proceedings American 
Society for Testing Materials, vol. 37, part 2, 1937, pp. 600-608. 

8“A Critical Study of Boiler Scales and Advanced Methods of 
Analysis and Identification,” by S. T. Powell, Combustion, vol. 5, 
no. 3, 1933, pp. 15-19. ; 

* “Boiler Water Treatment. New Methods for Preventing Em- 
brittlement,” by F. G. Straub and T. A. Bradbury, Mechanical Engi- 
neering, vol. 60, 1938, pp. 371-376. 

10 “Intercrystalline Cracks in Locomotive Boilers,” by W.C. Schroe- 
der, A. A., Berk, and R. A. O’Brien, Association of American Railroads, 
Circular DV-989, 1940; “Embrittlement Detector,” Combustion, 
vol. 12, no. 2, 1940, pp. 19-21. 
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heretical lack of faith, in the sulphate-alkalinity ratios. Today, 
instead of arguing as advocates, we can test as engineers, then 
modify the conditioning of the boiler water and test again, until 
the tendency of the water to cause intergranular cracking has been 
reduced or eliminated. 

Even though extreme efforts to exclude silica from boiler waters 
would have no significance from the standpoint of embrittlement, 
to the casual observer a case for partial removal of silica might be 
made out with respect to boiler scales and turbine deposits. 
Some clear and hardheaded thinking is, however, needed here. 
It has been pointed out previously that the silica-containing sub- 
stances which actually form scales in boilers are predominantly 
calcium silicate, on the one hand, and sodium-aluminum silicate, 
on the other. That calcium-silicate scale, like calcium-sulphate 
scale, is prevented from forming by the maintenance in the boiler 
water of a slight excess of phosphate ion, has been abundantly 
proved in plant after plant. Scales of sodium-aluminum silicate 
and of sodium-iron silicate in the boiler and deposits of silica in 
the turbine remain as the troubles which might drive an operator 
to consider reduction of the silica content of his boiler feed- 
water. 

Along with the possibility of silica removal in primary treat- 
ment, the operator will want to keep in mind the concept that the 
complex silicate scales are products of mechanical as well as 
chemical factors, developing only where the normal silica content 
of the boiler water is multiplied many times by localized evapora- 
tion to an exceptionally high degree. In many cases, indeed, 
excessive evaporation is indicated by the presence of relatively 
soluble salts, such as sodium sulphate and sodium phosphate, 
trapped in the deposits of sodium-aluminum silicate. While the 
solubility studies of Straub" indicate that this scale might be 
produced at a concentration of 120 ppm of SiOz, it must not be 
forgotten that his solutions at the same time contained much more 
alumina than would be present in any boiler water derived from 
properly treated feedwater. With the low concentrations of 
alumina in the boiler water corresponding to good practice, much 
more than 120 ppm of silica would probably be required to start 
the deposition of sodium-aluminum-silicate scale. 

But why belabor the point that most boiler waters can deposit 
sodium-aluminum-silicate scale only when concentrated locally in 
regions of very high heat input or limited circulation? The 
operator confronted with the current necessity of getting more 
and more steam from his existing equipment may well ask, ‘so 
what?” He cannot wait for new boilers to share the load or for 
his old boilers to be remodeled. While these solutions might 
ultimately be less expensive, he may be forced to choose between 
increase in blowdown or reduction of silica in feedwater to mini- 
mize his difficulties. 

That he will only minimize rather than eliminate trouble is a 
pessimistic prophecy, but one that the writers feel is fully justi- 
fied. Sodium-aluminum silicate or sodium-iron silicate is essen- 
tially a symptom of a condition. Chemical treatment directed 
at the symptom will not make the “hot spots” in a boiler any less 
hot or move more water where it is needed to prevent failure of 
tubes due to continuous steam blanketing or to repeated over- 
heating and quenching.” On the other hand, proper mechanical 
treatment of the fundamental source of trouble will eliminate the 


symptom. 
Silica deposits on turbine blades seem a strong argument for 


1 “Analcite: Preparation and Solubility Between 182° and 282° 
C,” by F. G. Straub, Industrial and Engineering Chemistry, vol. 28, 
1936, pp. 113-114; correction, p. 361. 

12 “Attack on Steel in High-Capacity Boilers as a Result of Over- 
heating Due to Steam Blanketing,” by E. P. Partridge and R. E. Hall. 
Trans. A.S.M.E., vol. 61, 1939, pp. 597-622; discussion, vol. 62, 
1940, pp. 711-717. 
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keeping silica in the boiler water at a low value. Whether silica is 
carried over physically to the turbine in droplets of boiler water, 
suspended in the steam and concentrated to a high degree on 
passing through the superheater, or whether it is transported in 
the vapor phase, as suggested by the experiments of Grieg,’ 
decreasing the concentration of silica in the boiler water should 
decrease the rate at which deposits accumulate on the turbine 
blades. Other approaches to the problem may be the reduction 
of carbon dioxide in the steam, or even the apparently crazy ex- 
pedient of allowing controlled carry-over. Although the evidence 
is by no means complete, experience in a number of plants sug- 
gests that hard deposits of insoluble silica develop when the 
steam condenses to give an acid solution, as would be the case 
when the concentration of carbon dioxide was large relative to the 
carry-over of alkali from the boiler water. When this relation is 
reversed, any deposits formed are water-soluble and can be re- 


13 ‘Notes on the Volatile Transport of Silica,” by J. W. Greig, 
H. E. Merwin, and E. 8. Shepherd, American Journal of Science, vol. 
25, 1933, pp. 61-73. 
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moved readily by systematic washing at prearranged intervals. 
While this may seem like compromise with, rather than conquest 
of a difficulty, the long-range economic balance sometimes favors 
compromise. 

Processes and equipment for the removal of silica from boiler 
feedwater have the center of the stage today. ‘Their relative 
merits should be, and undoubtedly will be, debated widely during 
the next few years. Lest this debate lead to uncritical acceptance 
of silica removal for its own sake, the specific objective in each 
individual case should be clearly defined. Is the problem cal- 
cium-silicate scale, or is it silica on the turbine blades? How 
much will it cost to get the silica in the feedwater down to'5 ppm 
or 2 ppm, in comparison with the cost of increased blowdown, and 
how much will maintenance costs and outage be reduced? These 
are some of the questions which must be asked and answered. In 
the meantime, we need more knowledge all along the line, knowl- 
edge which might well be secured by a cooperative effort through 
the Joint Research Committee on Boiler Feedwater Studies, as 
suggested by the author. 


The Flexible-Sleeve Multiple-Oil-Film 
Radial Bearing 


By GUSTAVE FAST,! ANNAPOLIS, MD. 


Prof. Osborne Reynolds’ theoretical analysis of Beau- 
champ Tower’s researches on journal bearings proved the 
necessity for a convergent wedge-shaped oil film between 
journal and bearing surfaces in order to create useful load- 
carrying pressures in the oil film. Michell and Kingsbury 
working independently applied Reynolds’ theory to the 
development, notably of thrust bearings, and incidentally 
of radial bearings, with surfaces divided into tilting pads 
which created a multiplicity of convergent oil films in- 
stead of the single convergent film naturally present in an 
ordinary plain journal bearing. Later Wallgren brought 
out another form of pivoted-pad radial bearing, in which 
the pads rotate with the shaft. The multiple-oil-film 
radial bearing discussed in this paper accomplishes the 
foregoing without recourse to the use of pivoted shoes or 
pads. The flexing of the continuous block-sleeve-bearing 
member under load provides a multiplicity of wedge- 
shaped oil-film boundaries which create shearing stresses 
in the circulating oil and produce useful load-carrying 
pressures in the oil films. Careful tests have been con- 
ducted on the multiple-oil-film radial bearing under dif- 
ferent conditions of speed, load, and oil viscosity, in order 
to determine its operating characteristics. The paper 
summarizes and discusses these test data. 


be a logical introduction to an exposition of the multiple- 

oil-film radial bearing, which is the most recent bearing 
development. Osborne Reynolds’ theoretical analysis in 1886 of 
Beauchamp Tower’s researches on journal bearings (1)? proved 
beyond doubt that a convergent wedge-shaped oil film between 
the journal and the bearing surfaces was necessary to create 
shearing stresses in the viscous lubricant which result in useful 
load-carrying pressures in the oil film. 

Any full journal bearing must obviously have some clearance 
and the resultant eccentric displacement of the journal under 
load automatically creates convergent oil-film boundaries (4, 10, 
11). Thrust bearings, however, present a much more difficult 
problem. They transmit their load between two flat parallel 
rigid members, and much grief is experienced with such bearings 
because of the impossible task of establishing wedge-shaped oil 
films between their coacting surfaces. 

About 20 years elapsed after Reynolds advanced his classical 
hydrodynamic theory of lubrication before practical application 
of these principles was attempted. 

Michell (6) and Kingsbury both perceived, independently of 
each other, the inherent differences in geometrical relationship 
between the coacting surfaces of journal and thrust bearings, and 
devoted their re8pective efforts toward a rational solution by ap- 


\ BRIEF analysis of the history of bearings would seem to 
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plying Reynolds’ theory to thrust bearings. By dividing the 
bearing surface into tilting pads, they succeeded in establishing 
multiple convergent wedge-shaped oil films between thrust- 
bearing surfaces, in contrast to the single convergent film natu- 
rally present in the plain journal bearing with clearance. 

Early journal-bearing designs were noted for their great length- 
to-diameter or L/D ratio which was sometimes as high as 6 or 8. 
They were little affected by side leakage but suffered much from 
shaft deflection, which necessitated a low unit pressure with 
consequent great film thickness to accommodate the bent jour- 
nal. As time went on, the bearings were shortened until today 
the conventional design shows an L/D ratio ranging from 1 to 
1.5 with no serious increase in side leakage resulting from the re- 
duction. The earlier long bearings were limited to very low unit 
bearing pressures of the order of 25 to 50 psi, whereas, the present- 
day short bearings usually sustain pressures of 100 to 200 psi. 


PROBLEM OF SHAFT DEFLECTION 


Shaft deflection is unavoidable and becomes a serious matter 
in heavily loaded bearings, due to concentration of the load at 
the bearing edges. Self-alignment of the bearings, although 
highly desirable if not absolutely necessary, does not entirely 
compensate for shaft deflection, as the shaft is actually bent to a 
definite radius of curvature, depending upon the bending moment, 
the geometrical form, and the elastic properties of the shaft. 

There are really only two ways in which to limit the harmful 
effect of shaft deflection 

1 By making the shaft heavier and consequently stiffer. 

2 By making the bearing shorter. 

The first method calls for a more expensive shaft, besides 
greater frictional losses in the bearing. The second method has 
its limitation in the ordinary journal bearing. With an L/D 
ratio much below 1, there is serious side leakage and excessive 
friction coupled with low carrying capacity. This has been thor- 
oughly demonstrated by McKee and McKee (3). 

The object of making a very short bearing is therefore not so 
much the saving in space as the limiting of shaft deflection within 
the compass of the bearing. When we consider that most bear- 
ings operate with a film thickness of the order of 0.001 in. or less 
the importance of keeping the journal deflections to a still lesser 
order of magnitude will be readily appreciated. By minimizing 
the effect of shaft deflection through the use of a very narrow 
bearing, considerably higher unit pressures can be used with a 
corresponding reduction in frictional losses if the side leakage is 
no greater than in normally proportioned bearings. 

It was with this criterion in mind that the development of the 
multiple-oil-film radial bearing was undertaken. 


Deraits or Muutiete-O1L-Firm Rapiat BEARING 


Several types have been developed and thoroughly tested and 
a great deal of useful data have been collected. The final form 
which is now in commercial production is shown in Figs. 1 and 2. 
The bearing normally consists of but three parts as a complete 
unit, but may also be furnished in only two parts for bearing di- 
rectly on the journal portion of a shaft. 

A is a hardened, ground, and lapped journal hub, mounted di- 
rectly on the shaft with a shrink fit. Bis a flexible continuous 
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block sleeve of polygonal shape with spherical abutments mounted 
in C, a keeper sleeve having an internal spherical surface to pro- 
vide self-alignment for sleeve B. The bearing sleeve B is made of 
steel and lined with a plastic metal applied by the centrifugal 
casting method. The nature of this plastic metal can be varied 
to suit any special application, but a high-tin-base babbitt is 
generally employed. The bearing surface is finished by a diamond 
tool in a precision boring machine. Transverse oil grooves d 
divide the bearing surface into a number of blocks, deflected by 
the oil-film pressure to form wedge-shaped films. The grooves 
d communicate at each side of the bearing with circumferential 
oil-distribution grooves e. The oil supply is drawn up through 
holes f in sleeve B by the viscous pump action of the rotating 
journal hub. An abundance of oil is thus circulated, assuring an 
ample supply for any speed requirement without excessive splash- 
ing or churning of the lubricant. Because of this lubrication ar- 
rangement, a radial load may be taken in any direction with equal 
efficiency. 

The L/D ratio of these bearings may be taken as 0.25 for an 
approximate value. Due to the shortness of the bearing, there is 
very little deflection across the journal surface. Consequently, 
high unit pressures may be carried with safety. 

In so far as affecting side leakage, friction, or load capacity, 
the L/D ratio is not the decisive factor when dealing with multi- 
ple-oil-film radial bearings. In these bearings, each block should 
be considered as an individual bearing whose circumferential 
length-to-width ratio should have a suitable value for the control 
of side leakage. 

It is obvious, from the nature of bearing sleeve B, that each 
loaded block cannot have a continuous convergent film for its 
entire length, although such a condition would be highly desirable 
from a theoretical point of view. Instead, the loaded blocks 
have a convergent and a divergent portion of film space, each 
portion being approximately one half of the geometrical length of 
the block. 

The effective length of the wedge-shaped oil film is approxi- 
mately 65 per cent of the geometrical length of the block. 


If 1 = effective film length 
w = block width 


then 1/w = 0.6 to 1 (according to the design) 


As has been clearly demonstrated by Needs (5), the smaller 
this ratio is made the less is the effect of side leakage. 
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In order to utilize the entire geometrical length of each block 
for a pressure producing convergent film, it is necessary to use 
loose blocks pivotally mounted. This leads to a complicated 
design that is hardly practical from a commercial point of view. 
The number of blocks would have to be greater than in the form 
of bearing shown, in order to maintain a desirable I/w ratio. One 
particularly serious problem incident to the use of loose blocks is 
that of providing a supporting pivot or fulcrum which will not 
break down under the enormous loads that the oil film itself is 
able to sustain. The real limitation to the load-carrying capacity 
of all bearings of this type is not the carrying capacity of the oil 
film, but the pivotal support of the block members as pointed 
out by Michell (13, 17). 


Tasts ConpDUCTED TO DETERMINE PERFORMANCE LAWS 


In order to determine the performance laws of the multiple- 
oil-film radial bearing, a series of tests under varying conditions 
of speed, load, and oil viscosity was conducted, and the results 
so obtained are herein reported and briefly discussed. 

These tests were carried out on a ball-bearing testing machine, 
using four multiple-oil-film bearings, shown in Figs. 1 and 2. 
The arrangement of the four bearings in this machine is shown in 
Fig. 3. 

The two outer bearings were loaded upward and the two inner 
ones were loaded downward. A small quantity of oil was cir- 
culated at the higher speeds for cooling purposes, but the supply 
was erratic and therefore the oil temperature varied greatly 
from time to time. Five speeds were used during this test, 
namely, 900, 1200, 1800, 3000, and 3600 rpm. 

The friction torque was measured by the usual dynamometer- 
type electric motor, equipped with a scale beam and weights. 
The duration of the test for each speed was 31 days continuous 
run (744 hrs). The total length of time for the entire series of 
tests therefore was 3720 hr. The time allowed between each 
increment in load until the maximum for a given speed was 
reached was about 4 hr. The load was then maintained at this 
maximum for the remainder of the test. The maximum load for 
each speed was fixed arbitrarily at a value much in excess of that 
which might be expected in actual normal practice for that speed. 
Preceding the test, all the bearing parts were measured by a Zeiss 
optical micrometer to 5 decimal places of an inch in an air-condi- 
tioned room at constant temperature. After the completion of 
the test the same procedure was duplicated. 
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The result of this search for signs of wear disclosed the fact 
that no wear was detectable within the limit of sensitiveness of 
the micrometer which was 0.00001 in. 

Two grades of straight mineral oils were used, namely, No. 2110 
for the speeds of 900, 1200, and 1800 rpm; No. 2075 for the speeds 
of 3000 and 3600 rpm. 

The No. 2110 oil had the following characteristics 


Viscosity 8.U. at 100 F = 180 Sec 
Viscosity S.U. at 130 F = 97 Sec 
Viscosity 8.U. at 210 F = 45 Sec 
Specific gravity = 0.87 

The No. 2075 oil had the following characteristics 
Viscosity S.U. at 100 F = 150 Sec 
Viscosity S.U. at 130 F 84 Sec 


Viscosity S.U. at 210 F = 42 Sec 
Specific gravity = 0.899 


ll 


The important bearing dimensions pertinent to this investiga- 
tion were as follows 


Diameter of bearing = 4.28755 in. 
Diameter of journal = 4.27960 in. 
Bearing clearance = 0.00795 in. 
Clearance ratio = 0.00185 in. 
Length of bearing 12am: 


Tables 1 to 5 give the log of the various tests. 


The following nomenclature is used in the ensuing discussion 
of test data 
NOMENCLATURE 


= length of bearing along axis of rotation, in. 

= journal! diameter, in. 

= bearing bore, in. 

= bearing clearance = (D’ — D) 

= effective oil-film length in direction of motion 
= width of block = L 

= unit bearing pressure on projected area (D X L), psi 
= coefficient of friction 

speed, rpm 

absolute viscosity, centipoises 

= number of blocks 


eN2nrwe .oTUEN 
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All of the test results of » ~ P at various speeds were plotted, 
as shown in Fig. 4. 

Next all the values of » were plotted as ordinates against 
abscissas representing ZN/P as shown in Fig. 5. 

The curve shown in Fig. 4 represents a graph of the equation 


which represents fairly well the average empirical relationship be- 
tween » and P without taking viscosity and speed into considera- 
tion. This is not incompatible with theory, as Z decreases with 
an increase in N, making the product of (Z X N) almost a con- 
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TABLES 1 TO 5 LOG OF TESTS ON MULTIPLE-OIL-FILM RADIAL BEARINGS 
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(The values given for total load and friction torque apply to one test bearing only having a diameter of 4.2796 in. and a length of 1.2 in.) 


TaBLe No. | — QOO RPM. 


MEAN OL 


ABSOLUTE ViSCOSIT 


stant within certain limits. The formula must be considered how- 
ever as purely empirical. 
According to McKee (3), in an ordinary journal bearing of 


certain fixed dimensions and clearance ratio 


It is well known that, in the ordinary journal bearing, the clear- 
ance ratio greatly affects the coefficient of friction as well as the 
load-carrying capacity. A small clearance ratio means high load- 
carrying capacity with a high coefficient of friction and vice versa. 
For this reason, heavily loaded, slow- or moderate-speed journal 
bearings have a clearance ratio of 0.001 or less and lightly loaded 
high-speed bearings a clearance ratio of 0.002 or more. 

In view of the test results, the coefficient of friction for the 


ey 


= 567(10-8 Se ea te 

M (10~°) P 
which fits all the test results within the limits of reasonable errors 
of observation. The graph of Equation [3] is shown in Fig. 5. 


multiple-oil-film radial bearing can be written » = 


This results in the equation 


ToTAL Load if LOAD PER lise ToRQuE ACTUAL on Fito TEMP 
in Pounos | SQUARE INCH OF IN COEFFICIENT OF Rise asove  |Fitm TEmMPERATURE|IN CENTIPOISES AT ZN 
PROJECTED AREA INCH-POUNOS FRICTION AMBIENT — °F la TemPERATURE T -P. 
le Ww P T 
/000 /946 WMA6 -OO0535 32 127 18.27 84-5 
2000 38.92 16.00 003737 4l 130 ITA 40-2 
3000 583.8 1737 002705 AT /41 13.92 2/5 
4000 7764 18.90 002208 50 147 /2-€2 [4-6 
5000 973.0 20.33 .00/900 $5. 151 UTS 10-87 
6000 167.6 21.77 .001697 69 155 10:96 8-45 
7000 3622 23.80 00/588 68 154 [hos 73 
8000 1556.8 | 2500 ,00/460 69 /62 9-74 5-63 
9000 1751.4 2700 .001392 74 /67 9.05 4-65 
TasLe No.2 -/200 RPM. 
7000 | —«/946 W67 00545 | 45 /4/ 13:92 858 
2000 3692 15.75 .00368 | 59 145 13-05 40-3 
3000 5838 725 002686 | 66 156 10-70 eI 22 
ie 4000 778.4 18.625 002/76 72 1/64 D44 [4-55 
5000 9720 19.875 001857 72 /68 8-84 10-9 
6000 1626 21/5 001646 73 169 8-70 8:94 
7O0O 13622 [229 .001528 78 /70 8-62 Te 
TasLe No.3 -/800 RPM. 
7000 1946 7200 005600 69 160 | On“ 
2000 3892 4625 0034/5 74 172 8-27 
3000 583.8 16.95 ,002640 90 /79 7-57 23-4 
4000 778.4 [2875 .002087 96 186 1507 
5000 973.0 1965 .00/835 5-88 /0-88 
Taste No.4 - 3000 RPM. 
500 G73 
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/750 34026 
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2500 486 
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It is unlike in form the equation for the coefficient of friction 
in ordinary journal bearings, according to McKee and McKee 
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where 


It is, however, similar in form to the generally accepted equation 
for the coefficient of friction of tilting-block thrust bearings which 
is (7) 


ZN 
= ba (Om — 
mn (10-®) P 


where n = number of blocks. 
The usual thrust bearing has six blocks, as has also the test 
bearing under consideration. If we insert this value in Equation 


[5], we have 
= By PACls) Se ition OS TORR [6] 


This shows that the conventional type of tilting-block thrust 
bearing has about 34 per cent less frictional loss than the multi- 
ple-oil-film radial bearing, a comparison which is not unreason- 
able to expect. In a six-block thrust bearing, all blocks are ef- 
fective as load-carrying members, whereas, in the multiple-oil- 


' film radial bearing only two blocks out of six carry the load. The 
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Fic. 5 Curve or Corrricient oF Friction p PLorrEeD AGAINST 
ZN/P 


other four blocks serve no useful purpose for a unidirectional 
load but, on the contrary, act as brakes due to their hydraulic 
drag. This is also true in the ordinary journal bearing where the 
pressure producing oil-film length occupies only an arc of from 90 
to 120 deg. 

The clearance ratio does not affect the frictional losses in 
multiple-oil-film radial bearings to the extent that it does in the 
ordinary journal bearing. Clearance ratios, corresponding to 
usual practice with ordinary journal bearings for different appli- 
cations and speeds, were first used. Ratios of from 0.0005 to 
0.002 had apparently little or no effect on frictional losses, but 
lately further experiments with larger clearance ratios indicate a 
critical point where the friction becomes a minimum, after which 
it increases again to values almost corresponding to clearance 
ratios of 0.002 or less. This critical zone seems to have clear- 
ance ratios around 0.003. Tests show a reduction of friction of 
about 20 per cent. 

In examining the coefficient of friction, shown in Fig. 5, it is 
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Fia. 6 Comparison BretrwEEn Powrr Lossps in Muttieie-O1L- 
Firm RapraL BEARING AND JOURNAL BEARING OF CORRESPONDING 


S1zE 
: = Specifications 
Ordinary journal Multiple-oil-film Turbomachinery 
bearing bearing bearings 
D = 4.2796 in. D = 4.2796 in. D = 4.2796 in. 
L = 4,2796 in. L = 1.2 in. L = 4,2796 in. 
L/D =1 L/D = 0.28 L/D =1 
C/D = 0.002 | C/D = 0.00185 C/D = 0.002 
P = 150 psi P = 536 psi P = 150 psi 
ZN/P = 170 ZN/P = 30 ZN/P = 170 
u = 473 X 10710 (%) (3) + Ap = 0.0059 » = 567 X 10-* X 


2% = 0.0031 » = 1268 X 107% (2 + 100) = 0.0034 (Soderberg) 


Au = 0.0018 when 
L/D = 1 (McKee) 


well to bear in mind that these values might be reduced by 20 
per cent through the use of a larger clearance ratio than that used 
in these tests. 


Unit Pressures PERMISSIBLE ON BEARING 


As pointed out earlier in this paper, the development of the 
multiple-oil-film radial bearing was based on the ideal of a bearing 
so short as to be virtually free from alignment errors due to shaft 
deflection within the scope of the bearing and, consequently, 
capable of sustaining much greater unit pressures. The tests 
will speak for themselves as to the extent to which this ideal has 
been attained, but it should be clearly realized that, in order to 
take full advantage of this development, it is essential to utilize 
the high bearing pressures now permissible, together with low 
but conservative values of ZN/P. It is suggested that for bear- 
ings starting under full load, unit pressures should range from 400 
to 500 psi, and for bearings that do not receive their maximum 
loading until rotation has started, pressures of the order of 1000 
psi may be safely used. 

For special applications, such as rolling-mill roll-neck bearings, 
bearing pressures as high as 5000 psi may be used. The values 
of ZN/P. should preferably not exceed 50, whereas tests have 
been run with values as low as 2. 

If these recommendations are followed, it is possible to effect 
a substantial decrease in the power losses of radial bearings. 
Fig. 6 shows a comparison between the power losses in the multi- 
ple-oil-film radial bearing and an ordinary journal bearing of 
corresponding size, having a coefficient of friction according to 
McKee and McKee and a similar one according to turbine prac- 
tice as reported by Soderberg ae 

The coefficient of friction as reported by Soderberg is very low 


pw = 1268(10-8)(ZN/P + 100)........-++-+ [8] 


From Equation [8], the power loss is 


sew = ors (2H) (AY (1 4 
Se eS LS SN 1000) 
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The power loss in the multiple-oil-film radial bearing is 
Kw = 3.36(10-)(D?L)(Z‘*)(P'/?)(N’”)........ [10] 


It is obvious that the reason for the substantial power saving 
with the multiple-oil-film radial bearing is the small ZN/P 
selected, as compared with the corresponding values commonly 
used for the ordinary journal bearing. 

Since the multiple-oil-film radial bearing usually has a slightly 
greater journal diameter for a given shaft size than that of an 
ordinary plain bearing, using the shaft itself as its journal, it 
might be assumed on first thought that the plain bearing should 
show an inherently lower power loss. The relative lengths of the 
two types of bearings must also be taken into consideration how- 
ever. 

Once the coefficient of friction has been determined for a cer- 
tain type of bearing, the only physical dimensions that will affect 
the power loss are D and L. 


If D = journal diameter of a multiple-oil-film bearing 
L = journal length in a multiple-oil-film bearing 
D, = journal diameter in an ordinary bearing 
L, = journal length in an ordinary bearing 


then if (D? x L) = (D,? X Ih), the power loss is the same as far 
as the physical dimensions are concerned. 


if 
L = 0.25D 
and 
1D = ily 
then 
0.25 X D3 = D3 
and 


P24 SD = tse (11] 


It is therefore apparent that the journal diameter of a multiple- 
oil-film radial bearing, having the foregoing relationship be- 
tween LZ and D can be 59 per cent greater than the shaft di- 
ameter and still have no greater power loss than an ordinary 
plain bearing using the shaft as its journal. In actual practice, 
the journal-hub diameter is about 23 per cent greater than the 
shaft bore so that the multiple-oil-film radial bearing shows an 
advantage over the ordinary plain bearing from the standpoint 
of purely physical dimensions. The multiple-oil-film radial bear- 
ing can, of course, as has been previously stated, be mounted 
directly on the shaft, but it is preferable to use a special journal 
member, as ordinary shaft material is not as suitable for a good 
journal surface. 

It is believed that the foregoing presentation indicates a marked 
advance toward the ideal bearing having maximum life and load- 
carrying capacity, together with minimum frictional losses. 
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Discussion 


E. B. Ercueuzs.2 The author’s explanation of the 20 per 
cent increase in friction coefficient of the multiple-oil-film bearing 
over the conventional six-block thrust bearing is interesting. The 
statement of the braking action of the unloaded shoes can be 
confirmed by some of our experiments, in which we found as much 
as 20 per eent of the loss in a unidirectional loaded plain bearing 
to be due to an excess supply of oil. 

However, our calculations on the two types of bearings, under 
the same conditions, show the multiple-film bearing to have an 
increased friction coefficient of 92 per cent over the six-block 
thrust bearing, instead of 20 per cent. The increase in power loss 
is 124 per cent. The differential of friction coefficient and power- 
loss increase, when the total load is the same on both bearing 
types, may be explained by the angularity of the two shoes in 
respect to the vertically imposed load. The braking action of the 
unloaded shoes is not included. The method employed in con- 
nection with the multiple-oil-film bearing investigation checked 
the curve of Fig. 6 of the paper very well, using the physical data 
of Tables 1, 2, 3, 4, and 5, and the bearing specifications in con- 
nection with Fig. 6. The method used for the six-block thrust 
bearing was that as presented by Howarth.* 

The author shows that the multiple-oil-film bearing may have 
a 59 per cent greater diameter than an ordinary plain bearing 
with the same power loss. The basis of this is the assumption 
that, if the coefficient of friction remains constant in both bear- 
ing types, the power-loss differential is due to a change in diame- 
ter and length. This is odd, in view of Needs’s work on optimum 
120-deg bearings.’ This study shows how the //w ratio may be 
varied as much as 130 per cent with only a 6.5 per cent change in 
friction coefficient. The author’s analogy attributes to the or- 
dinary bearing, a disadvantage which does not appear to be en- 
tirely substantiated by prior bearing studies. 


3 Assistant Head, Mechanical Engineering Department, Research 
Laboratories Division, General Motors Corporation, Detroit, Mich. 
“4“The Loading and Friction of Thrust and Journal Bearings With 
Perfect Lubrication,” by H. A. S. Howarth, Trans. A.S.M.E., vol. 
57, 1935, pp. 177-178. 

5 “Effects of Side Leakage in 120-Degree Centrally Supported 
Journal Bearings,’ by S. J. Needs, Trans. A.S.M.E., vol. 56, 1934, 
pp. 721-732. 
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R. A. Baupry.’ The flexible-sleeve bearing developed by the 
author is a very ingenious application of the hydrodynamic 
} theory of lubrication, and of the modern manufacturing methods 
which have already made possible the high unit pressure, low 
friction, flood-lubricated sleeve-type, roll-neck bearing. 

For more than 10 years the Westinghouse Electric & Manu- 
facturing Company has used very successfully, on its large um- 
4 brella-type vertical waterwheel generators, a narrow large-di- 
ameter guide bearing made of pivoted pads.?' This pivoted-pad 
or shoe-type guide bearing is usually placed at the periphery of 
the runner of a Kingsbury bearing and run in the same oil bath. 
This guide bearing, having a width of 3 to 8 in. and a diameter of 
30 to more than 100 in., has replaced guide bearings of smaller 
diameter and much larger area placed on the shaft. However, 
on extremely high-speed machines, guide bearings of the latter 
type are still used because of their lower friction losses, due to 


| their smaller diameter. 


In recent years the Westinghouse Electric & Manufacturing 
) Company has also been experimenting with pivoted-pad journal 
bearings. Some have already been used on machines where the 
load can act in any radial direction and they have proved very 
successful at very high unit loading. 

The flexible-sleeve multiple-oil-film radial bearing should be 
applied very successfully where a large load has to be carried in a 
very limited space. However, its use will probably be limited 
to small sizes, for in large sizes it is believed that the pivoted-pad 
bearing is more efficient, easier to adjust, and cheaper to build 
than the flexible-sleeve bearing. 

Because of the complexity of the problem involved, bearings 
of different types can be compared only if they are tested under 
absolutely identical conditions. The average temperature of the 
oil film, which should preferably be used to determine the vis- 
cosity of the oil in the factor ZN/p, is very difficult to measure or 
evaluate. Usually the temperature in the bearing, which is be- 
lieved to be the nearest to the average temperature, is used. In 
the references cited by the author, McKee and McKee use the 
temperature near the babbitt under the load, and Soderberg 
uses the temperature of the oil at the outlet of the bearing which 
is kept below 140 F. 

It would be very interesting to know how the author deter- 
mined the mean oil-film temperature in the test log of his paper. 
Some of the temperatures recorded in that test log seem to be 
somewhat higher than values accepted in practice. When oper- 
ating at a lower temperature, the friction losses of the multiple- 
oil-film bearing will of course increase. 

According to the experience of the Westinghouse Electric & 
Manufacturing Company, friction losses increase with the di- 
ameter of a bearing, even if allowance is made for the increase in 
bearing pressure. This is shown in Table 6 of this discussion, 


TABLE 6 RESULTS OF TESTS ON VARIOUS BEARING TYPES BY 
WESTINGHOUSE ELECTRIC & MANUFACTURING COMPANY 


Unit Friction, 
00 


pres- 9 Losses kw 
Diam, Length sure, rpm, 3000 rpm, 
Type of bearing L/D in. in. psi Z=14 Z=7.5 

Pivoted-pad bearing 1.5/1 2.4 3.6 300 0.105 0. 507 
Journal bearing’ 2/1 2.92 5.85 150 0:13. 0.59 
Turbomachinery® 1.5/1 3.38 5.06 150 0.168 0.7 
Multiple-oil-film 1/3.5 4.287 1.2 500 0.194 0.61 A 3) 
Turbomachinery® 1/1 Melo 4eio8 100 0.204 0.85 


6 Mechanical Engineer, Westinghouse Electric & Manufacturing 
Company, East Pittsburgh, Pa. Mem. A.S.M.E. 

7“Shoe-Type Guide Bearings for Hydro-Generators,”” by Ris 
Baudry, Power, vol. 79, 1935, p. 541. f 

8 “Journal Bearing Performance,” by R. Baudry and L. M. Tich- 
vinsky, Journal of Applied Mechanics, Trans. A.S.M.E., vol. 57, 1935, 

, A-121. 
; 9 “Tests of a7 X 101/2-In. Bearing at 3600 Rpm,” by L. M. Tichvin- 
sky, Trans. A.S.M.E., vol. 60, 1938, pp. 393-397. 
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where the friction losses in different types of bearings used by the 
company are compared with the loss of a multiple-oil-film bear- 
ing. All these bearings carry the same load of 2500 lb. 

On many types of machines having to start under full load, it 
is also very important to keep the diameter of the bearing to a 
minimum in order to limit the starting torque. 

The Westinghouse Electric & Manufacturing Company is 


ay 3 ? : ; ] 
using journal bearings having a ratio ( eee 


——— } = 2 on most 
diameter 


of its large rotating equipment. This bearing appears to be the 
best compromise from the standpoint of low starting torque, low 
friction losses, liberal oil-film thickness, and low manufacturing 
costs. 


W. F. Oseruuser.!” As a user of the author’s bearing, the 
writer can report very satisfactory results. We have had some 
failures but in most cases they could not be attributed to the 
bearing itself, but rather to circumstances surrounding the in- 
stallation. 

Today, we have six bearings of this type in operation, the 
original installation having been in service approximately 3 
years. These bearings, because of their size (diameter and 
length), can be mounted as replacements of ball bearings, or in 
any place where a limited-life bearing is used, with satisfactory 
results. However, it should be remembered that these bearings 
must be mounted where it is possible to remove the runner from 
the shaft in case of failure. It must also be remembered that 
unless the bearing is made with the shells split, B and C, Fig. 2 
of the paper, as has been done on our bearings, experimentally 
this bearing cannot be used in a practical way on some mount- 
ings since it is not always practical to remove the rotor to re- 
place bearings. It is the writer’s experience that, even with the 
split shell, it would be questionable whether the runner A, Fig. 2, 
would be in a condition for replacement of the split bearing. 
Since our original installation, we have changed to the solid type, 
as shown by the author, with excellent results. This bearing is a 
very timely development and very practical when used where 
limited-life bearings have not the endurance and life expectancy 
desired. 


A.G.M. Micuetu." This paper is welcome as bringing before 
American engineers the economy of space and reduction of fric- 
tional losses which can be effected by the use of segmental journal 
bearings. As the author points out, the condition essential for 
attaining these results is the adoption of intensities of loading 
much higher than those sanctioned by earlier practice, and in 
order that this may be practicable it is necessary that the axial 
length of the bearing surfaces shall be relatively small and that 
the accuracy of finish of the bearing surfaces shall be of a high 
order. 

Hitherto the development of segmental, or multiple-film, 
journal bearings complying with these conditions has been almost 
entirely confined to Europe. Besides the Michell journal bearing 
dating from 1911, and the ““Nomy” bearing, mentioned by the 
author, reference may be made to Table 7 which presents in 
skeleton form a history of the development of multiple-film 
journal bearings of all the three known types, viz., pivoted, 
flexible, and floating. In the last-named type the pads auto- 
matically form wedge-shaped lubricating films on both their inner 
and outer faces, and the series of multiple pads rotates as a whole 
relatively both to the journal and to the stationary member of 
the bearing. 

Recent developments in America, which up to the present ap- 


10 Superintendent, Operating Maintenance, Philadelphia Electric 
Company, Philadelphia, Pa. Mem. A.S.M.E. 
11 Melbourne, Australia. 
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TABLE7 in the coefficient of friction over the conventional tilting-block 
Pivoted journal bearings thrust bearing begs correction. The author stated: ‘The con- 
rae fon ees » See 5 en ventional type of tilting-block thrust bearing has about 34 
S.sveue aleuslw iene) a le Titain £ By . < . 
Kingsbury ..0..,.00 0. U.S. A. 1,117,505 3/ 3/18 per cent less frictional loss than the multiple-oil-film radial 
Brown, Boveri & Co.. Gt. Britain 19801/14 26/ 1/14 homie.” 
Vickers Ltd.......... Gt. Britain 121422 17/ 4/18 earring. : 
Haniel & Lueg....... Germany | 368608 14/ 3/22 Using the same syntax as used by Mr. Etchells, this statement 
ihuteu te Bein GoGo Gt. Britain 211707 26/ 2/23 e Z 5 : : 
i i would read: ‘‘The multiple-oil-film bearing showed an increase 
MMuluple pad Berle soummal youre of 52 (not 20) per cent in the coefficient of friction over the six- 
Name Country Patent no. Date eh) 
st bearing. 
Brown, Boveri & Co.. Germany 312489 20/1/17 block thrust 8 r 4 i 
Hi G) Reist..).636e8 Australia __ 5858/17 5/ 4/17 The author based his comparison on information of the co- 
Aki ieli ee et ee (Wok. Ba Bera) SNe) 5/ 5/17 efficient of friction of thrust bearings contained in reference (7) 
i F : for the correctness of which he naturally cannot assume responsi- 
Floating-pad journal bearings os : i a z 2 
bility. It is believed, however, to be entirely reliable as it 
Name Country Patent no. Date ‘ - 
Bostock & Moore.. Gt. Britain 187,497 2 Re 21 emanates from an excellent and Eo ape a F 
Hulsebos)aiacee orway ) i i riction as w st ower 
Shebat wereeeee U.S. A. 2,076,254 9/ 9/32 In computing the coefficient, (0) ctio as well a e Py 
Michell & Seggel... Australia 101,857 10/ 9/36 loss in a six-block thrust bearing, according to Howarth,! is it 


Nore: Fora discussion of the advantages and disadvantages of the flexible 
type as compared with the other two types see ‘‘The Mechanical Properties 
of Fluids,” Blackie & Son, Second edition, 1936, p. 155 (First edition, 1923). 

Tests of the Michell form of these bearings are reported by A. Tenot in 
the ‘‘Discussion on Lubrication,’ The Institution of Mechanical Engineers, 
London, 1937. 


pear to be of a more or less tentative nature, include the adoption 
of the early Michell pivoted type of journal pad by some of the 
prominent makers of high-speed grinding tools. 

While the author’s graphs of his experimental results show, by 
the close adherence of the individual results to smooth curves, 
convincing evidence of effective film action of some kind, it seems 
doubtful to what extent the performance of the bearings de- 
pended on the elastic deformation of the pads as suggested by the 
author. 

In view of the relatively large diametral clearance (8/1000 in. 
for a journal of 4.28 in. diam), it is clear that it was only for a 
very limited arc of the bearing that the oil films could be suf- 
ficiently thin to support loads of the intensities recorded. Within 
this small distance the thickness of the film can only have been 
affected to a relatively small extent by changes of shape of the 
blocks due to their elastic deformation. Such being the case, it 
is not clear that the author’s form of bearing presents any ma- 
terial advantage over a plain cylindrical bearing of similar pro- 
portions and of equal refinement of workmanship. 

The experiments of Stanton}? have shown that cylindrical 
bearings are capable of carrying loads greater than those em- 
ployed in the author’s experiments, and with even lower coef- 
ficients of friction. In Stanton’s experiments the clearance 
ratios were still greater than in the author’s bearing and the arcs 
of effective film action were estimated to extend not more than 10 
degrees on each side of the line of closest approach of journal and 
sleeve. 

Bearings with such large diametrical clearances unavoidably 
allow radial movements of the journal, thus debarring them from 
use In many important applications (machine tools, electric 
motors, high-speed engine crankshafts), for which they might 
otherwise be acceptable. The advantages in this respect of the 
floating-pad type of bearing are discussed in the present writer’s 
paper listed as reference (6) in the bibliography of the author’s 
paper. 

AUTHOR’s CLOSURE 


The author is grateful to have had his paper discussed by such 
eminent authorities. Apparently, lack of clarity at some point 
in the paper has created a certain confusion of thought which he 
will attempt to correct. 

Mr. Etchells’ reference to the author’s alleged statement that 
the multiple-oil-film bearing showed an increase of 20 per cent 


12‘‘Some Recent Researches on Lubrication,” by T. E. Stanton, Pro- 
ceedings of The Institution of Mechanical Engineers, 1922, p. 1117. 


not possible that Mr. Etchells has overlooked the fact that, in a 
double thrust bearing, the inactive end of the bearing exerts a 
considerable hydraulic drag, as does also the cylindrical portion 
of the periphery of the runner and the shaft? These “‘additional”’ 
losses are considerable, especially so in high-speed machinery 
with a flooded bearing housing, and reflect themselves in a higher 
coefficient of friction than that computed on purely theoretical 
grounds for a single set of thrust blocks. 

Equation [5] from reference (7) was used by the author not so 
much for bringing out a comparison between the numerical 
values of the coefficients of friction of the two different types of 
bearings as for its general mathematical form showing the 
similarity in characteristic behavior of the multiple-oil-film 
radial bearing to that of the conventional tilting-block thrust 
bearing. 

In commenting on the author’s exposition of power losses in 
bearings having the same coefficient of friction and the same 
pressure intensities but differing in length and diameter, Mr. 
Etchells has apparently confused Needs’s® 1/w ratio with the 
author’s L/D ratio. In Needs’s® paper, / = actual length of the 
film in the direction of motion, and w is the width of the film 
in a direction transverse thereto. In the author’s paper L = 
the axial length of the bearing = w in Needs’s paper, and D is 
the diameter of the journal. In the multiple-oil-film bearing the 
l/w ratio is maintained constant irrespective of how L/D may 
vary within certain practical limits. In the two bearings being 
compared as an example, it is assumed that the l/w ratio of the 
film or films has approximately the same optimum value. 

Under such conditions, it is obvious that the power losses must 
vary, with close approximation, as the square of the diameter 
and directly as the length. The product of the two represents 
a numerical value of the physical dimensions of the bearing 
to which the power loss is proportional. 

It was far from the author’s intention to discredit the ordinary 
journal bearing, but to show an advance in the art, as represented 
by the multiple-oil-film bearing, described in his paper, based 
on facts substantiated by extensive tests and a great number of 
highly successful installations. 

Mr. Baudry has given a very interesting exposition of the 
bearing practice of The Westinghouse Electric & Manufacturing 
Company. It is only natural that, in such a large concern, 
manufacturing a wide variety of machinery, the bearings are es- 
pecially designed to fit the application. Thus, where a small 
starting torque is paramount to any other consideration, the 
diameter of the journal is made as small as possible. 

As pointed out by Mr. Baudry, bearings of different types can- 
not be compared, unless they are tested under absolutely iden- 
tical conditions. Of the examples shown in his Table 6, the last 
one designated ‘“Turbomachinery,”® having a diameter of 4.13 
in. and a length of 4.13 in., comes closest in dimensions to the 
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multiple-oil-film bearing under discussion, which has a diameter 
of 4.28 in. This turbomachinery bearing shows a power loss, 
according to Mr. Baudry’s Table 6, of 0.85 kw, as compared to 
)0.61 kw for the multiple-oil-film radial bearing under the same 
load of 2500 lb and the same speed of 3000 rpm. This proves a 
somewhat greater saving in power consumption by the multiple- 
_ oil-film radial bearing than indicated by the graph for turbo- 
. machinery bearings in Fig. 6 of the paper. 
\ The oil-film temperature was determined by means of a 
potentiometer and a copper-constantan thermocouple, placed 
in the center of the transverse oil groove d, immediately following 
_ aloaded block. The thermocouple was exposed to the oil flowing 
over it from the loaded block. Due to the divergence of the oil- 
film space at the trailing end of the block, oil is pulled in from the 
circumferential grooves e. It is believed that the temperature 
_ of the mixture fairly well represents the effective mean tempera- 
ture of the pressure film. 

Mr. Oberhuber has given an interesting account of his ex- 
periences with commercial installations of the multiple-oil-film 
/radial bearing under discussion, and points out the advantages of 
a split bearing. Whereas it is possible to build split bearings of 
this type, such construction adds greatly to the cost. To meet 
\the requirements specified by Mr. Oberhuber, one-half bearing 
sleeve B, which can readily be replaced, may be used for a uni- 
directional load. However, when it is remembered that ball 
and roller bearings are not split and that the life of the multiple- 
oil-film bearing is virtually unlimited, the author is of the opinion 
that, as a standardized product for universal application, it is 
better to retain the construction shown in Figs. 1 and 2. The 
author wishes to express his appreciation to Mr. Oberhuber and 
his company for having been among the first of the public- 
service corporations to give this new bearing development a trial 
on important installations. It is just such an open attitude, by 
large public-service corporations, toward new developments, 
_ which promotes progress in engineering. 

Mr. Michell, F.R.S., has very kindly furnished Table 7, 

showing the history, in outline form, of the European progress 
in the art of multiple-oil-film bearings of various types. In 
| this connection, it may be mentioned that of late years many 
United States patents have been issued on the subject, in- 
dicating a marked interest in and appreciation of the virtues 
possessed by this type of bearing. No doubt we will see great 
_ developments along these lines in the near future. 
, ‘Tests, carried out with sensitive micrometer dial gages, prove 
| that elastic deformation takes place, confirming theoretical com- 
putations. If the sleeve B lacks in sufficient flexibility, or if no 
Pexibility: at all is provided, the bearing will carry only a rela- 
- tively small load safely and with greatly increased friction. 

The pressure intensities recorded in the test log are based on 
the projected area of the bearing (D X L), corresponding to an 
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are of 180 deg, and not an arc limited to the active or pressure- 
producing film length, such as was the case in Sir Thomas Stan- 
ton’s!2 experiments. In Stanton’s experiments at the National 
Physical Laboratories, Teddington, England, the clearance — 
ratios were purposely made so abnormally large (0.020 and 0.060) 
as to limit the are of the pressure-producing film length to but a 
few degrees (30 deg and 15 deg, respectively) for the purpose of 
throwing light “‘on the cause of the high efficiency of worm 
gears.”’13 Under such abnormal conditions, one would expect a 
higher pressure intensity to be reached on the active film area 
with a lower coefficient of friction than in a commercially built 
360-deg bearing, designed for actual all-around service. 

However, if we examine the data of the experiments made by 
Stanton, we find that the pressure intensity on the projected area 
(D X L) was only 277 psi, and the pressure intensity on the active 
film area was only 1055 psi for the 30-deg arc, and 2110 psi for 
the 15-deg-are bearing. Of the four tests reported, only one 
showed a coefficient of friction lower than the author’s test, 
namely, 0.00072 for sperm oil. The other three tests showed 
higher coefficients of friction, namely, 0.0017, 0.0023, and 0.0035. 

In the author’s opinion it was not Dr. Stanton’s intention that 
bearings having such abnormal clearance ratios would have any 
practical use. It is obvious that such bearings would have the 
excessive radial movements, mentioned by Mr. Michell, which 
would render them unfit for the applications cited. 

The highest pressure intensity on the projected area (D X L) 
recorded in the author’s test log (1751 psi) is by no means the 
maximum pressure which this bearing will carry. Numerous 
tests have been made with pressure intensities on the projected 
area (D X L) of more than twice this amount, and a somewhat 
lower coefficient of friction. The lowest ZN /P in the test log is 
4.65, and tests have been run with less than one half this value. 

The clearance ratio of 0.00185, used in the author’s test 
bearings, is quite normal for average conditions in a general 
power-transmission bearing. For special applications mentioned 
by Mr. Michell, this would be modified to suit the occasion. The 
use of an extremely small clearance is fraught with danger of 
seizure during the starting-up period, due to the temperature 
gradient between the journal and the bearing sleeve with its 
surrounding housing, and especially so if the housing is of rather 
substantial construction. Clearance ratios less than 0.0005 are 
not considered safe from an operating point of view unless forced 
oil circulation for cooling purposes is employed to limit this 
temperature gradient to but a few degrees. 

The multiple-oil-film bearing units under discussion have 
been so designed and rated commercially that, without artificial 
cooling, and depending only upon natural convection, the maxi- 
mum temperature rise will not exceed 40 F above the ambient. 


13 “Friction,” by T. E. Stanton, Longmans, Green & Company, 
New York, N. Y., 1923, pp. 101-110. 
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This paper is a progress report describing the results 
which have been obtained on the creep of tubular speci- 
‘| mens. The first part of this work was described in a previ- 
ous paper.” In this investigation similar apparatus and 
similar specimens are employed, but an attempt is made 
to correlate the stress between the tensile specimens and 
the tubular specimens more accurately. Also, tubes with 
thinner walls have been used. The results obtained to 
date indicate that the longitudinal creep of the tubes is 
substantially zero, and that the circumferential creep 
is approximately the same as the creep in the tensile speci- 
men with a stress equivalent to the circumferential stress 
in the tube. In a companion paper,’ Professor Soderberg 
, derives the relations in two-dimensional creep, and applies 
them to the experimental values. 


HE data presented in this paper are of the nature of a prog- 

ress report, concerning the results obtained on tubular 

specimens tested under internal pressure for circumferential 
and longitudinal creep. This work follows closely a previous 
investigation? and is intended to complete the data given there. 
The apparatus and the method of testing are exactly the same as 
previously described.’ 


SPECIMENS 


Seven tubular specimens were made up for this test by The 
Babcock and Wilcox Company, consisting of tubes 4 in. outside 
diam, with either a */s-in. or a 1/s-in. wall, having hemispherical 
ends welded in place. The specimens themselves were of the 
same carbon-molybdenum steel previously reported, and, in 
fact, were made from the same stock. 

In Table 1 is given the schedule of the seven tests proposed 


TABLE 1 SCHEDULE OF TESTS 
Tubular specimens— 
Circum- 
—Tensile coupons— Internal ferential 
Creep rate Wall pres- creep rate 
Test Loading T.S., per thick- sure in PR* of tube, 
temp, of T.S., cent per ness of tube, per cent per 
F psi 100,000 hr tube, in. psi t 100,000 hr 
2 36 ... Not started 
900 13000 0.3— vs oe ... Not started 
1 1490 23000 1.5 
sade mages aa i. 4780 23000 . 0.9. 
1 372 5750 Now running 
ose Bee nee i 596 9200 8.7 
1050 5000 8.5 (3/3 1911 9200 BiB 


* Based on mean radius. 


for the tubular specimens, together with the four equivalent tests 
on the tensile specimens. Four of the seven tests have been 
practically completed, the fifth one has been running a short 
time, and the sixth and seventh have not yet been started. 


Resutts on TENSILE TEST SPECIMENS 
These specimens, cut from the */,-in. wall of the tubular stock 


1 Massachusetts Institute of Technology. 

2‘Creep in Tubular Pressure Vessels,’ by F. H. Norton, Trans. 
A.S.M.E., vol. 61, no. 3, 1939, pp. 239-245. 

3 ‘Interpretation of Creep Tests on Tubes,” by C. R. Soderberg, 
Trans. A.S.M.E., vol. 63, 1941, pp. 737-740. 

Contributed by the Joint Research Committee on Effect of Tem- 
perature on the Properties of Metals, and presented at the Annual 
Meeting, New York, N. Y., December 2-6, 1940, of Tom AMERICAN 
Socrery or MEcHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


Progress Report on Tubular Creep Tests 


By F, H. NORTON,! CAMBRIDGE, MASS. 


before it was turned and bored, were run on regular tensile-creep 
apparatus, using a 10-in. gage length. The rate of creep of these 
specimens under specified conditions is shown in Figs. 1 to 4, in- 
clusive. It will be noted that the tests have run for a period of 
around 7000 hr and that the original curve, wherein daily read- 
ings are carefully plotted, is sufficiently close to a straight line to 
insure that a stable condition has been reached. 


CREEP OF TUBULAR TEST SPECIMENS 


The creep of these specimens is shown in Figs. 5 to 8, inclusive. 
In all cases, the longitudinal creep is substantially zero, while 
the circumferential creep is definite. It should be noted that 
the specimen at 1050 F and 1911 lb internal pressure developed 
a leak and had to be shut off at 2200 hr. The specimen at 900 F 
and 4780 lb internal pressure had to be shut off for the same 
reason at 2700 hr. A discussion of the cause of these leaks will 
be described later in this paper, because they seem of consider- 
able practical interest in the design of tubular pressure vessels. 


FAILURE OF HEMISPHERICAL ENDS 


The hemispherical ends, as in previous tubular specimens, were 
designed to give the same dilation on the basis of elastic formula 
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as the cylinder and were, therefore, one half of the thickness of the 
tubular section. The thickness of the hemispherical ends at 
the time of failure was 0.14 in. on the specimen at 1050 F, in com- 
parison with a thickness of 0.375 in. for the tubular section. The 
stress, therefore, in two directions on the hemispherical ends at fail- 
ure was approximately 12,400 psi from calculations by Professor 
Soderberg. The 900 F specimen had an end thickness of 0.165 
in. at failure, which, in the same way, gives a stress of 26,300 psi. 

While temperature measurements were not made on the hemi- 
spherical ends during the first test, measurements made since 
show that the hemispherical heads may be from 5 to 15 deg higher 
than the temperature of the cylinders themselves. This higher 
temperature might result in approximately double the creep 
rate that would exist in the cylinder. In the case of the first end 
failure, there was a final stress of 8000 psi on the cylinder at 1050 
F, giving a creep rate of 6.5 per cent in 100,000 hr. On the hemi- 
spherical end we could then expect a creep rate of 3 times the 
amount, previously given, due to the higher stress to which 
the hemispherical end was designed. Due to the higher tempera- 
ture, we might expect a maximum of double that creep rate. 
The combination of these two would, therefore, give us a rate of 
about 6 times the creep rate in the tube itself, or 39 per cent. It 
would therefore appear that at such a rate failure in carbon- 
moly steel at 1065 F occurred in 2240 hr, the stress being approxi- 
mately equal in two directions. 

In the second case, with 4780 lb internal presure on the cylinder 
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at 900 F, the creep rate was 0.9 per cent per 100,000 hr in the 
cylinder. Therefore by the same method of calculations we might 
expect a creep rate in the hemispherical ends of approximately 6 
per cent. It seems hard to understand the failure of this head 
under these conditions; further investigation is being made of this. 

It is possible that, with the higher creep rate on the hemi- 
spherical ends, a stress-concentration effect may have existed 
close to the cylinder proper. At any rate both failures took 
place close to the junction of the hemispherical ends with the 
main cylinders, and the cracks were circumferential in relation 
to the cylinder. 

Metallurgical examination has shown that for the 1050 F 
end the material has spheroidized. In the case of the 900 F end 
apparently no changes have taken place in the material. 

It is contemplated on the next */s-in-thick cylinder to weld 
additional thickness to the hemispherical ends so that on this 
sample we shall be able to conduct the test for a longer period 
than 2000 hr. In the case of the !/s-in-thick cylinders, one of 
which is now under test, the hemispherical ends were made */32 
in. thick so that there will not be any excessive stress in these 
ends, and every effort will be made to hold the temperature of 
the ends close to that of the cylinders themselves. 

In considering why we did not obtain failures on the first series 
of tests in the hemispherical ends, it would appear that this was 
due to the fact that most of these ends were welded over due to 
porosity of the metal, and the two which were not so welded 
over operated only 1100 hr. 

The diagram, in Fig. 9, gives a summary of the results obtained 
here and in the first part of the work by plotting rate of flow 
against stress. It will be seen that the results at 1050 F are in 
excellent agreement with our previous figures, but that the re- 
sults at 900 F are closer to the 800 F values than we would have 
anticipated. It is shown in general that the rate of flow in the 
tubes is slightly less than that in the tensile specimens, although 
it should be remembered that the numbers of the values are still 
tentative as the tests have not been completed. 


SUMMARY 


It is not attempted here to discuss the agreement between the 
tensile and tubular specimens, as this is being taken care of in a 
separate paper’ by Professor Soderberg. 
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In a companion paper,” Professor Norton has presented 
_ the results of creep tests on tubes, carried out under Proj- 
\ ect 10, of the Joint Research Committee on Effect of Tem- 
perature on the Properties of Metals. The present paper 
contains a discussion of the phenomena involved in the 
light of the accepted theory of yielding, the theoretical 
basis for the present research program, and the significance 
of the results thus far obtained. 


Tue THEORY OF YIELDING 


N THIS study of creep phenomena, it is assumed that there is 
available a set of creep curves for the material in question, 
covering the appropriate temperature range of stress. In 

/ general, these creep curves will give the total strain ¢« as a func- 

tion of the time ¢t. It is further assumed that these creep curves 

approach straight lines, Fig. 1, with minimum slope u, which de- 

') pends in some manner upon the stress o, Fig. 2. This relation is 

) the basic part of the experimental information available from the 
tensile creep test. The actual form of this relation is not impor- 
tant in the present connection. 
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It is next assumed that the same material, at the same tempera- 

ture, is subjected to a three-dimensional state of stress, defined 
by the principal stresses, o1, 02, and 03. The resulting creep will 
! take the form of an increase with time of the principal strains, 
€, €, and ¢. Based on the experience from the tensile test, it 
may be expected that this creep will settle down to three mini- 
mum creep rates, w4, Wz, and u;. The theory of creep is based on 
the assumption that the relation between these creep rates and 
the corresponding state of stress is contained in the o-w relation 
‘obtained from the tensile test. 

Such a theory was presented a few years ago by R. W. Bailey.’ 
In a discussion‘ of that paper, the author pointed out that the 


1 Professor of Applied Mechanics, Massachusetts Institute of 
Technology. Mem. A.S.M.E. 

2 ‘Progress Report of Tubular Creep Tests,’”’ by F. H. Norton, 
Trans. A.S.M.E., vol. 63, 1941, pp. 735-737. ; 

3 ‘Design Aspect of Creep,’ by R. W. Bailey, Journal of Applied 
Mechanics, Trans. A.S.M.E., vol. 58, 1936, p. A-1. This paper is an 
abridgment of a more comprehensive paper, ‘‘The Utilization of 
} Creep-Test Data in Engineering Design,’’ by R. W. Bailey, Pro- 

ceedings of The Institution of Mechanical Engineers, vol. 131, 1935, 
B; pp. 131-349. ; y 

4 Discussion by C. R. Soderberg of ‘‘Design Aspect of Creep, by 
R. W. Bailey, Journal of Applied Mechanics, Trans. A.S.M.E., vol. 58, 
1936, p. A-150. 

Contributed by the Joint Research Committee on the Effect of 
Temperature on the Properties of Metals, and presented at the 
Annual Meeting, New York, N. Y., December 2-6, 1940, of THE 
AmmRICAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
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Interpretation of Creep Tests on Tubes 


By C. R. SODERBERG,! CAMBRIDGE, MASS. 


Bailey theory appears needlessly complicated, and that the neces- 
sary elements of a satisfactory theory are already contained in the 
premises for the Mises-Hencky criterion of yielding, which has 
been generally verified for the case of ductile materials at room 
temperature. There is nothing in the situation at elevated tem- 
perature which would indicate the need for additional assump- 
tions. 

The basic assumptions of the Mises-Hencky criterion of yield- 
ing are isotropy and constancy of volume, although in the de- 
velopment of the theory this is not always apparent. The 
former is one of those ideals which is never quite fulfilled, but 
which forms a suitable background against which our experi- 
mental results may be projected. The latter assumption ap- 
pears reasonably well fulfilled for the plastic deformations, but 
volume changes® under elastic deformations are unavoidable. 
However, if the application is confined to stresses which are con- 
stant in time, this objection is removed. This is an important 
restriction, which applies to the tensile creep test as well. 

In general, the three-dimensional state of stress 1, o2, o3 may 
be resolved into a “hydrostatic tension” 
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and a “‘remainder”’ represented by the principal stresses 
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Similarly, the state of strain «, ¢, ¢; may be resolved into the 
“dilatation” 
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and a remainder represented by the principal strains 
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The stress Equation [1] and the strain Equation [3] relate to 
the change of volume; the stress Equation [2] and the strain 
Equation [4] relate to the change of shape. The latter may be 
called “deformation stresses” and ‘deformation strains,” re- 
spectively. 

If the volume remains constant, the phenomenon of yielding is 
reduced to a change of shape, produced by the deformation 
stresses. The Mises-Hencky theory expresses this observation 
by defining “the amount of yielding” as the resultant of the de- 


formation strains V/ e:2 + 2 + és? and “the cause of the yield- 
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ing” as the resultant of the deformation stresses‘V_ 812 + So? + 837. 
The stress-strain relation of the tensile test may thus be looked 
upon as the evidence of.a more fundamental relation between 
these resultants. This is the basis for the introduction of the 
“Gntensity of strain”’ 
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and the “intensity of stress” 
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These terms were introduced by Hencky® for the quantities 
V/V e:2 + 2? + e537 and S12 + so? + 832, respectively. The reason 
for departing from this convention is that the quantities s and e 
as defined become identical with o and « for the conditions of the 
tensile test (01 = o, 02 = o3 = 0; «1 = & & = € = —e/2). The 
rate of change of e may thus be looked upon as an “intensity of 
creep,” depending directly upon the intensity of stress in accord- 
ance with the o-u relation obtained from the tensile test. 

Since the volume remains constant, the deformation compo- 
nents 1, é2, and es, Equation [4], are identical with the strain com- 
ponents «1, «, and ¢. The intensity of creep may thus be defined 
as the quantity 


In the development of the theory, it is assumed that this intensity 
of creep distributes itself along the principal axes in the same man- 
ner as the intensity of stress is resolved into the deformation 
stresses. The mathematical formulation of this assumption is 
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Note that in this expression 1, ue, and us are the principal creep 
rates; si, 82, and s; the deformation stresses; and u the creep rate 
which is measured in a tensile test at the stress s. To keep this 
relation in mind we will write u(s) instead of u. By introducing 
the expressions Equation [2] for s1, 82, and s; this gives 
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which is the proposed form of the theory of yielding. 


APpPpLicATION TO TuBE UNDER INTERNAL PRESSURE 
Consider next the case of a long tube with closed ends, sub- 


5 “The New Theory of Plasticity, Strain Hardening, and Creep, and 
the Testing of the Inelastic Behavior of Metals,’’ by H. Hencky, 
Trans. A.S.M.E., vol. 55, 1933, paper!APM-55-18, pp. 151-155. 
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jected to internal pressure. The state of stress of such a tube 
may be defined by the tangential stress 1, the radial stress o2, 
and the axial stress o3. In the elastic state of stress, the tangen- 
tial and radial. stresses will vary throughout the tube thickness. 
As creep is started, these stresses are certain to alter, and the 
premise of constant stress is violated. Eventually, a steady state 
of stress will be reached, and from then on the stresses will re- 
main constant. The determination of this state of stress is a 
matter of considerable difficulty, however, and for this reason the 
thick cylinder is not suitable for this type of experiment. 
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Fig. 4 CyYLiInpDER UNDER In- 
TERNAL PRESSURE 
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When the wall thickness of the tube is small in comparison with 
the radius, the change in stress will be small. The ideal of a truly 
constant stress may then be approximated by considering the 
stresses at the middle of the tube wall. With the notations of 
Fig. 4, the magnitude of these stresses may be determined in the 
following manner: The tangential stress o; and the axial stress 
os are determined directly from the conditions of equilibrium with 
the internal pressure p. The radial stress oz has a value —p at 
the inner wall and zero at the outer wall, with a mean value of 
—p/2. This reasoning gives 
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Introducing these stresses into Equation [6], we have for the 
intensity of stress 


Furthermore, the different factors of Equation [9] have the values 
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This gives for the three creep rates of the cylinder under internal 
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t of the thickness. 


SODERBERG—INTERPRETATION OF CREEP TESTS ON TUBES 


The theory shows that the axial creep rate is zero. The tan- 
gential creep rate is V/3/2 times the creep rate of a tensile test 
performed at the stress /3/2 X pR/t. The radial creep rate 
(change in thickness) has the same value, but the opposite sign. 

The tangential creep rate is obtained from the o-u relation of 
the tensile test by entering with the stress s and multiplying the 


corresponding creep rate by V3 /2. Itis not necessary, however, 
to have access to the complete o-u curve in order to check the 
theory. If there is available a single tensile creep test, with a 
minimum creep rate u at the stress o, the tube test should be 
run at a pressure which will produce an intensity of stress equal 
to o; that is, the pressure should be, from Equation [11] 


At this pressure, the theory predicts a tangential creep rate of 


V/3/2 X u and an axial creep rate of zero. The tests described 
by Professor Norton? were all planned with the object of prov- 
ing or disproving this prediction. 

In tests of this kind, it is never possible to make the ratio of 
thickness to radius strictly small, so that an exact check with the 
theory cannot be expected. The measurements of the deforma- 


tions are of necessity made at the outside radius, so that a cor- 


rection is required in order to obtain the creep rate at the mean 
radius. 
If the creep rate recorded by Professor Norton is denoted by uw’ 


t 
the rate of increase of the outside radius is wi(r + s). It is rea- 


sonable to assume that the creep phenomena take place in such 
a manner as to preserve every element of the volume constant. 
This requires that the tangential creep be inversely proportional 
to the radius.6 The rate of change of the mean radius is, there- 


t 
R + 9 
) R and, hence, the creep rate at the mean 
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An approximation of the same result is obtained by stating that 
the rate of increase of the outside radius is equal to the rate of 
increase of the mean radius, minus the rate of decrease of one half 
This gives 
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radius 


When t/2R is small, Equations [15] and [16] are identical. In the 
following discussion, Equation [15] will be used. 


CoMPaARISON oF Resuits WiTH THEORY 


At the present time there are four tube tests which may be used 


- as a check of the theory. It is probable that they have not yet 


reached the steady state, but the present results may be used to 
indicate the trend. These results are given in Table 1. 

All experiments were made on tubes with an outside diameter 
of 4in. The creep rate uw’ was measured from the curves; from 


| this the creep rate uw was calculated by Equation [15 ]. At 900 F 


6 Note that a radial displacement p produces @ tangential strain 
p/r and a radial strain dp/dr at the radius r. Since there is no axial 
strain the sum p/r + dp/dr must be zero to keep the volume constant. 
This gives, after integration, p = constant/r. 
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TABLE 1 RESULTS OF TUBE TESTS 
—Tensile tests— 
u 
creep 
rate, Tube tests 
per cent Pp Creep rates, 
g in : pres- per cent in 
Temp, stress, 100,000 —Dimensions, in. sure, 100,000 hr Ratio 
F psi hr t t/2R psi ur’ Ur wfu 
VES AYA GYR Te pA th, 
ie ee Gaye / / (1400)a 1-6 1.33 
3/8 29/16 3/29 4780 (shop 1.1 .92 
P/SS8/ 16 1/800 1506) coat. 
1050 8000 (7000) f / (2600) rte) 
3/8 29/16 3/29 1911 (2200) 7.9 93 


9 Indicates approximate duration of test in hours. 


the !/s-in. tube gave 1.6 per cent and the 3/s-in. tube 1.1 per cent, 
against a predicted value of /3/2 X 1.2 = 1.04 percent. At 
1050 F the !/s-in. tube gave 9.3 per cent and the 3/;-in. tube 8 per 
cent against a predicted value of +/3/2 X< 8.5 = 7.4 per cent. 
The last column gives the ratio of tangential creep rate to creep 
rate of the tensile test, which theoretically should be a/3/2 = 
0.867. 

All tube tests so far show higher creep rates than predicted by 
the theory, but the difference for the 3/s-in. tubes is small. It is 
probable that the figures for the 1/s-in. tubes will improve as the 
tests are continued. 

While the final check on the tangential creep rates must await 
the completion of the project, it is significant that the prediction 
of zero axial creep was fulfilled in all cases. 

At first sight the results obtained so far are not impressive but, 
when the circumstances of the tests are taken into account, they 
are probably as close as can be expected. Imperfections in iso- 
tropy, slight variations in temperature and dimensions, and other 
factors, not to mention the difficulty of measurements, may easily 
cause divergencies greater than those now obtained. For ex- 
ample, an error in thickness of 0.01 in. in the 1/s-in-thick tube may 
be expected to alter the tangential creep rate by more than 50 
percent. This particular phase will be investigated more closely 
at the end of the tests and covered by a later report. 

In conclusion it may be said that these creep tests have not 
revealed any serious discrepancy with the theory of yielding, but 
that the present program must be completed before a positive 
correlation may be obtained. 


ConDITIONS OF THE HEMISPHERICAL ENDS 


The problem of the failure of the hemispherical ends of some of 
these specimens is an instructive application of the theory of 
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yielding. Considering a thin sphere under internal pressure, it 
is not difficult to determine the principal stresses at the middle 
of the wall. With the notation of Fig. 5 and the same reasoning 
as that developed for the thin cylinder, it is found that 
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Here o and g; are the tangential stresses, now alike, while a2 is 
the radial stress. 
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Introducing these stresses into Equation [6] we have for the 
intensity of stress 
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If creep tests were conducted on a thin sphere, therefore, the 
tangential creep rate to be expected is one half of the tensile 
creep rate under the stress pk /2t. Such experiments might be of 
interest as a check on the theory of yielding. 

In the present instance, it is proposed to apply these results to 
the hemispherical ends of the tube specimens. These were 
originally designed to give the same elastic tangential strain as 
the cylinder; this required a wall thickness of a little less than 
one half that of the cylinder. For various manufacturing rea- 
sons, however, the wall thickness became smaller than intended. 
Thus, the 3/s-in-thick tube at 1050 F had a hemispherical end 
with a measured thickness of about 0.14 in. The mean radius 
was the same as that of the tube, namely, 29/16 inch. This gives 

1911 X 29 
ee ie 
12,400 psi, which is considerably higher than the 8000 psi to which 
the tube was subjected, and which gave a tangential creep rate 
of 6.5 per cent. Assuming that the creep rate varies with the 
fifth power of the stress, the tangential creep rate of the hemi- 


for the intensity of stress in the hemisphere 


? ‘ 1 12,400 
sphericalend would be, from Equation [20], 5 De 8000 KX 8.5 


& 38 per cent in 100,000 hr. This high rate is further increased by 
the rise of temperature at the end. The failure is quite well ex- 
plained by the discrepancy between the rate in the hemispherical 
portion and the adjoining cylindrical portion. Fig. 6, which is 
reproduced from a photograph of the longitudinal section of this 
tube: after the failure,’ confirms this explanation. 
The 900 F specimen at 4780 psi had a measured thickness of 
4780 X 29 
16 X 2 X 0.165 | we 
psi, as compared with the stress of 20,000 psi in the cylindrical 
portion, and which produced a tangential creep rate of 0.9 per 
cent in 100,000 hr. In accordance with the theory cited this 


about 0.165 in.; the resulting stress is 


7 “Failure of End Cap,” by J. B. Romer, The Babcock & Wilcox 
Company, New York, N. Y., Babcock & Wilcox Engineering Re- 
print, June 21, 1940. (Not published.) 


TRANSACTIONS OF THE A.S.M.E. 


NOVEMBER, 1941 


Fig. 6 FRAcTurE oF TUBE SPECIMEN 


a pees 1 (e 
gives a creep rate o 9 x 30,000 
100,000 hr. This rate is not particularly high, but it is probable 
that the stress intensity of 26,300 psi may be high enough to 
cause intercrystalline fractures, particularly in view of the higher 
temperature at the ends. 

The failures are not surprising, particularly that of the tube 
at 1050 F. The theory of yielding indicates that in an application 
of this kind the stress intensity should be about the same in the 
end as in the cylindrical portion. This requires a wall end thick- 
ness of about 60 per cent of that of the cylinder. If there should 
be appreciable differences of temperature, the thickness must be 
increased further. The safest arrangement would probably be to 
maintain the thickness the same throughout the specimen. 

This aspect of the experiments illustrates a practical applica- 
tion of the theory of yielding, which deserves attention in the de- 
sign of structures of this kind, 
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Discussion® 


W. O. Cuinepinst.’ Professor Soderberg has aptly shown, 


8 This discussion applies jointly to the present paper and the 
paper, ‘‘Progress Report on Tubular Creep Tests,’’ by F. H. Norton, 
which appears on page 735 of this issue of the TRANSACTIONS. 

° Engineer, Operating Department, National Tube Company, 
Pittsburgh, Pa. Jun. A.S.M.E. 


SODERBERG—INTERPRETATION OF CREEP TESTS ON TUBES 


both in his present paper and in his discussion’ of a paper? by 
Bailey in 1936, that the postulates of creep do not conflict with 
those of :stationary plastic flow. He has obtained from these 
postulates Equations [9], relating the principal creep rates in a 
three-dimensional stress system with the creep rate of a tensile 
creep specimen. 

In applying Equations [9] of the paper to a tube under internal 
pressure, the author states that analysis of creep of a thick tube 
presents difficulties. The observation might be made that, if 
creep or yielding of the outer radius of a tube is obtained, the 
entire tube has yielded. If such is the case, then the theory of 
yielding of thick tubes is readily employed. Only the laws of sta- 
tionary plastic flow which the author employed in developing 
Equations [9] are necessary. 

Using the nomenclature of the author’s paper for principal 
creep rates of the outer radius of the tube w/1, u's, u’s, and defin- 
ing the tangential, radial, and axial stresses at the outer surface 
as 1, o's, o’s, the following expressions may be developed from 
the laws of stationary plastic flow” 
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The following expressions relating the strain rate of the outer 
radius of the tube with that of a tensile creep specimen are ob- 
tained by substituting Equation [21] of this discussion into the 
author’s Equation [9] 
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The condition for yielding of the outer surface of a thick-walled 
tube defines the ‘‘intensity of stress’’ as!° 
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When ¢ is small in comparison to R, Equation [23] may be ex- 
pressed as 


It is seen that Equation [24] corresponds to Equation [11] of 
the paper. 

Combining Equations [13] and [15] of the paper, the following 
expression is obtained relating the creep rate of the outer radius 
of a thick tube to the creep rate of a tensile creep specimen, where 
the relationship of intensity of stress of the tube is equal to the 
stress on the tensile creep specimen 
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Equation [25], based on the assumption of a thin tube, should 
be compared with Equation [22] of this discussion, obtained from 


10 ‘‘Plasticity,’’ by A. NAdai, Engineering Societies Monographs, 
McGraw-Hill Book Company, Inc., New York, N. Y., 1931, p. 188. 
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the plastic yielding of a thick-walled tube. It is seen that the lat- 
ter, Equation [22], results in a higher estimate of the creep rate 
for the outer radius of a thick tube relative to the creep rate of.a 
tensile creep test than does Equation [25]. 


D. S. Jacosus.!! The Joint Research Committee sponsoring 
the present investigation was responsible for publishing data!” 
on creep characteristics in 1938. The results of laboratory tests 
given in that compilation have been used for setting working 
stresses both in this country and abroad. 

The Joint Research Committee has been responsible for secur- 
ing contributions from the industry for conducting its work. The 
committee has been particularly fortunate in securing the services 
of as able men as the authors of the two papers, and it is hoped 
that they will follow up the work until it is completed. 

In 1929 the writer presented a paper! before the Society, in 
which the working stresses at the higher temperatures were based 
upon the rate of creep, together with the results secured in prac- 
tice. Since that time, many questions have come up regarding 
the dependence which can be placed upon creep tests for establish- 
ing the working stresses. Fundamental data such as secured in 
the tests will serve as a valuable contribution to the subject. 

There is a broad field for perfecting the design of pressure 
vessels through avoiding abrupt changes in section which act as 
stress raisers. Important improvements are bound to come 
which will result in a saving of material without sacrificing safety. 
Fundamental data such as covered by the papers will be of inesti- 
mable value in making advances of.the sort and the Joint Re- 
search Committee should be thanked for sponsoring the investiga- 
tions. The authors of the papers should be commended for the 
able way in which they have conducted the work. 


J.J. Kanver.!4 The interpretation which Professor Soderberg 
advances for Professor Norton’s carefully conducted tests on steel 
tubes creeping under internal pressure is a promising approach 
to the problem. Whether or not the Mises-Hencky theory, as 
applied, affords an adequate analysis of the problem of creep 
under combined stress is open to some discussion. 

At the temperatures at which Professor Norton conducted his 
tube tests, creep-strain rates seem to persist at any stress sensibly 
greater than zero. In previous discussions of creep phenom- 
ena,15 16 the writer has taken the view that the relationship be- 
tween stress and creep-strain rate may be treated as viscous flow 
and that, upon the application of stresses, metals change their 
intrinsic viscosities. As stress is applied, the viscosity of the 
metal continuously decreases from an initial value at zero stress, 
so we may write that the creep rate u is the product of the 
stress o and a “flowability” factor ¢, which in turn is a function 
of the resolved stress in a system 


Ue) por=to} (a) ete ace memset [26] 

The stress function f(c), is generally found to be an exponential 
u 

and can be represented graphically by plotting log (*) versus o. 
o 


11 Advisory Engineer, The Babcock & Wilcox Company, New York, 
N. Y. Past-President A.S.M.E. 

12 “Compilation of Available Creep Characteristics of Metals and 
Alloys,” Joint A.S.M.E.-A.S.T.M. Research Committee on the 
Effect of Temperature on the Properties of Metals, Creep Section, 
1938. 

13 ‘Working Stresses for Steel at High Temperatures,’”’ by D. 8. 
Jacobus, Trans. A.S8.M.E., vol. 52, 1930, paper FSP-52-35, pp. 295-299. 

14 Research Metallurgist, Crane Company, Chicago, Ill. Mem. 
A.S.M.E. 

18 ‘Interpretation and Use of Creep Results,” by J. J. Kanter, 
Trans. American Society for Metals, vol. 24, 1936, pp. 870-918. 

16*'The Problem of Temperature Coefficients of Tensile Creep 
Rate,” by J. J. Kanter, Trans. American Institute of Mining & 
Metallurgical Engineers, vol. 131, 1938, pp. 385-418. 
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For much data such a plot approximates linear. Creep rates are 
frequently represented in the empirical relation 


where uo, oo, and n are empirical constants for Equation [27] 
Writing the expression as 


we find that the quantity (& eS 1) expresses the “flowability” 
on) 
of the material at the stress «. Analytical expression of the re- 


u 
lationship appearing on the semilog plot of — versus ¢ takes the 
o 


Mr eae 
tony 


form 


srooawe (AD) 


SYS 


u 
where wo, oo are empirical constants for Equation [29], and = 


oo 
(3) | 
e is the flowability at o. 

These considerations focus attention upon the manner in which 
Professor Soderberg relates “stress intensity” and ‘“‘creep inten- 
sity.”’ Presumably the function u(s) of the author’s Equations 
[9] is intended as a measure of the flowability associated with the 
stress intensity of his Equation [6]. If such be the case, this is 
equivalent to the assumption that the submerged “hydrostatic 
stress” p makes no contribution whatsoever in affecting the vis- 
cosity of the material. It is furthermore an assumption that a 
given stress intensity, resulting from a set of combined stresses, 
is associated with the same identical viscosity value as a similar 
stress intensity, resulting from simple tension. Although the 
hydrostatic stress may play no part in propelling creep strain, it 
does elastically dilate the material. Likewise, the stress intensity 
elastically alters the structure of the material in various fashions, 
depending upon the stress composition. These elastic responses 
in the material are unquestionably accompanied by alterations 
of the viscosity and flowability. Therefore, in order to rectify 
the physical significance of Professor Soderberg’s Equations [9], 
it would seem that u(s) should be replaced by a function depend- 
ing upon the total principal stresses o1, 02, and o; defined, per- 
haps, in terms of the state of elastic dilation. 

If the assumption be granted that flowability is a function of 
the state of elastic dilation, it becomes of interest to derive the 
corrections, which from the “viscosity” point of view should be 
applied to Professor Soderberg’s calculations. In doing this, it is 
helpful to generalize somewhat our treatment of the deformation 
of an isotropic body by simply recognizing that a principal strain 
will be accompanied by strains in the planes normal to its axis. 
In the case of plastic deformation where no change in volume oc- 
curs, these strains in the normal planes are one half the magnitude 
of the principal strain. This, however, represents a special case, 
the more general situation being the sort of change in volume as 
obtains in elastic deformation, where the strain in the normal 
planes is usually expressed by Poisson’s ratio }. Suppose the 
strains in the planes normal to one of the principal stresses are 
permitted to react upon the other two principal strains. We are 
then concerned with the algebraic sums of principal strains super- 
imposed upon normal strains 


@ = € — Ne + 6s) 


€2 = e — Mea + 4) 
és = « — Ma + &) 
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where 1, ¢2, and és are residual strains, «1, €, and ¢3 are principal 
strains, and 2 is Poisson’s ratio. The “resultant strain,’”’” when 
related to the tensile test thus becomes : 


2r2 — 4n* 
Ca €2 + €52 4 €3” + Da? + 1 (e1€2 + €1€3 -4- €2€3) . A [31] 


For plastic deformation, when \ = 1/2, this expression becomes 
identical with the Mises-Hencky resultant. Thus, it appears 
feasible directly to argue this same result, without introducing 
the rather obscure concept of a hydrostatic portion of the stress. 

The stress intensity S,, associated with the elastic aspect of 
the deformation, may thus be assumed to be related to the result- 
ant strain through Young’s modulus E 


S, = eH = fcksgs wae GRY, a ae epee 4A a00) 
\ 2r2 + 1 eae 


. . [82] 


The stress intensity S,, associated with the plastic or creep as- 
pect of the deformation, is related to the resultant strain through 
the flowability ¢ 


U 
S, = = Vo + ao? + 03? — (o102 + o103 + o203). . [33] 


since ¢ = f(Se), then by Equation [26] of this discussion 


Thus we may write 
1 pa 
S, = z VS unt + a? + ug? — (uate + urls + rats). . [35] 


In order to subject Equation [34] of this discussion to calcula- 
tions, we must assign a definite function to f(S,). A function of 
the type in the writer’s Equation [29] has a definite physical 
significance which has been discussed elsewhere and may be con- 
veniently used. Professor Norton’s data are represented within 
the limits of experimental uncertainty by Equation [29] of this 
discussion in the form 


1 u 
OL =- = — 
oe Sears 
where op and K are constants. Since for simple tension S, = 
S, = o by definition, Professor Norton’s tensile creep rates may 
be used to compute o and K, as given in Table 2. 


TABLE 2 VALUES OF CONSTANTS oo AND K 


U 
Temp, F go uU o eats oo K 
900 13000 0.3 0.0231 
300 20000 ae Aer 16900 —5.405 
3000 8.5 1.063 
1050a 13930 195.0 14.0 5290 —4.486 


a This test is from Professor Norton’s 1939 report, see footnote (17) this dis- 
cussion. 


Using Equation [32] of this discussion to calculate S,, and in- 
troducing the principal stresses for the thin-walled tubes tested 
by Professor Norton and assigning a value of 0.275 to Poisson’s 
ratio, this expression becomes 


S, =p yoss7 @) — 0.26 (*) —— 1012), cece [37] 


Using the writer’s Equations [37] and [33], with the tube di- 
mensions and pressures of Professor Norton’s tests, we find the 
stress intensities affecting both the flowability and plastic flow as 
given in Table 3. 
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TABLE 3 STRESS INTENSITIES AFFECTING FLOWABILITY 
AND PLASTIC FLOW 


Tube wall, ay Pressure, 
in. t psi Se Sp 
1/3 15.5 1490 20950 20000 
a/3 4.84 4780 20350 20000 
V/s 15.5 596 8370 8000 
3/3 4.84 1911 8140 8000 


The values for S,, we see, are somewhat larger than the S, values 
used by Professor Soderberg. In order to determine the ratios 
for flowability between these two sets of stress-intensity values, 
Equation [36] with the constants of Table 2 of this discussion 
may be used. Such calculations lead to the values in Table 4. 


TABLE 4 FLOWABILITY RATIOS BETWEEN S; AND Sp VALUES 


Tube 
Temp, wall, | ———Flowability g——\ Ge. 1 vida 
F in. For Sp For Se op u ude 
900 1/g 0.00006 0.000069 1.14 Tee) hye 
3/4 0.00006 0.0000625 1.04 0.92 0.88 
1050 1/3 0.001063 0.00125 1.18 1.09 0.92 
a/e 0.001063 0.00113 1.065 0.93 0.87 


Thus, it appears that the margin of increase which the ‘‘elastic” 
stress intensity represents over the ‘‘plastic’”’ provides very nearly 
the correction needed to make the ratio of circumferential creep 
_ rate to tensile creep rate approximate the theoretical ideal of 
V3. 

Reflecting upon Professor Soderberg’s observation that the 
theory should provide a suitable background, against which our 
experimental results may be projected, makes us mindful that 
Professor Norton’s previous report?’ on tubular creep tests showed 
where a small but definite longitudinal creep rate was observed. 
While theory predicts zero longitudinal creep rate, it must be 
remembered that the theory postulates isotropy, whereas, our 
metal does not entirely fulfill this ideal. Metal tubes have defi- 
nite directional properties developed in the working of the ma- 
terial incident to their manufacture. That definite anisotropy 
in material leads to a considerable longitudinal creep in tubes 
under internal pressure is borne out by some experiments tried 
at the writer’s laboratory using warm celluloid tubes under air 
pressure. Celluloid, as is well known, becomes highly birefrin- 
gent under stress and is thus known to become anisotropic. 
These tubes showed a longitudinal contraction at a rate of about 
1/,the circumferential expansion. A mathematical analysis of the 
effects of anisotropy on creep rates appears a difficult but chal- 
lenging problem, In the light of the foregoing consideration, it 
would be necessary to deal with the effects of anisotropy, not only 
from the standpoint of plastic deformation, but also elastic dila- 
tion. Fortunately, however, the steels with which we ordinarily 
are concerned seem to follow satisfactorily the rules deduced from 
the assumption of isotropy. 


R. M. Van Duzer, Jr.,!8 anp ArTHUR McCurcuan.'? The re- 
sults of Professor Norton’s comparative tests on tensile and tubular 
specimens have been awaited expectantly by all having occa- 
sion to apply tensile creep data to the design of pipe and tubing. 
These tests and those now planned or under way should give a 
better appreciation of the problems involved in designing for creep 
conditions. 

While Professor Norton has referred the question of correlating 
results of his tensile and tubular tests to an accompanying re- 
port by Professor Soderberg, the statement is made that “the cir- 


17 “Creep in Tubular Pressure Vessels,’ by F. H. Norton, Trans. 
A.S.M.E., vol. 61, no. 3, 1939, pp. 239-245. 

18 Engineer, Production Department, The Detroit Edison Com- 
pany, Detroit, Mich. Mem. A.S.M.E. : 

19 Engineer, Engineering Division, The Detroit Edison Company, 
Detroit, Mich. Jun. A.S.M.E. 
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cumferential creep is approximately the same as the creep in the 
tensile specimen with a stress equivalent to the circumferential 
stress in the tube.’”’ The purpose of the first part of this discus- 
sion is to examine the basis for this statement and to consider 
how the new test results compare with those previously reported. 
From Professor Norton’s Table 1, it may be observed that, in 
the case of tests at 900 F, the stress in the tensile specimen is 20,- 
000 psi, as compared with a circumferential stress of 23,000 psi 
in the tubes. This difference in the stresses being compared 
arises from the fact that pressures in the tubes were purposely ad- 
justed by application of the Mises-Hencky theory to produce an 
‘“ntensity of stress” equal to the stress in the tensile specimen. 
This was deduced as 1.15 times the pressure, which corresponds to 
the circumferential stress of 20,000 psi. The circumferential 
creep rate of the tube under this higher pressure was predicted 
to be 0.867 times the creep rate found for the tensile specimen. 
Regardless of the theory applied, it seems essential to the 
writers that creep rates be compared over the same intervals of 
time. The rates of creep existing at different intervals during the 
tests on both the tensile and tubular tests have been plotted in 
discussing Professor Soderberg’s paper. It is apparent from such 
plotting that only in the case of the tensile test at 8000 psi and 
1050 F is it possible to assume that a steady rate of creep has been 
obtained. Comparing rates of creep of tensile specimens at pe- 
riods up to 7000 hr with those obtained from tubular tests of 1600 
to 2700 hr duration, therefore, would not seem to be admissible. 
In order to compare the creep rates of the present tube tests 
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with the tensile tests on the same basis as Professor Norton’s 
earlier tests!7 and those reported by the writers,” it is necessary 
to extrapolate on a log-stress versus log-rate-of-creep curve to find 
the creep rates of the tensile specimens which correspond to the 
hoop stress in the tubes. By means of this rather debatable pro- 
cedure, it was found that the rate of creep, measured on the out- 
side of the tubes, was only about 63 per cent of that of the tensile 
specimen for both the 1/s-in- and °/s-in-wall tubes at 900 F, and 
52 and 45 per cent, respectively, for the 1/s-in- and °/s-in-wall 
tubes at 1050 F. These results are plotted in Fig. 7 of this dis- 
cussion, for comparison with previous data. It will be noted that 
both these test conditions fall in the region in which creep of 
tubes has been found to be less than creep of conventional ten- 
sion specimens, when they are compared on the basis of creep 


20 “‘High-Temperature-Steam Experience at Detroit,” by R. M. 
Van Duzer, Jr., and Arthur McCutchan, Trans. A.8.M.E., vol. 61, 
1939, pp. 383-401. 
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measurements on the outside of the tubes and simple hoop stress.” 

It is important to relate actual measured circumferential creep 
of tubes with simple hoop stress since both the A.S.M.E. Boiler 
Code and the A.S.A. Piping Code determine pipe-wall thickness 
in terms of this stress. It seems reasonable that pipe should be 
designed for this more severe or open-end condition, since both 
longitudinal thrust and compressive bending stress tend to offset 
the beneficial effect of longitudinal tensile stress and to accelerate 
circumferential creep. 

The tests for which results are given in Professor Norton’s 
paper are for more rapid rates of creep than are contemplated in 
usual power-plant practice. The additional tests at lower rates 
of creep which are planned or under way will do much to confirm 
whether the circumferential creep of a closed-end tube is greater 
or less than might be expected from simple tensile creep tests. 
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When considered for the same time intervals, Professor Nor- 
ton’s statement that “the circumferential creep is approximately 
the same as the creep in the tensile specimen with a stress equiva- 
lent to the circumferential stress in the tube’’ should be carefully 
qualified as to just what creep and what stress are intended. It 
would be particularly helpful if he could arrange to do so in his 
closure to the paper. 

Turning now to Professor Soderberg’s paper, it is apparent he 
has presented a logical argument that the theory of yielding, 


21 Discussion of ‘‘Creep in Tubular Pressure Vessels,’’ by R. M. Van 
Duzer, Jr., and Arthur McCutchan, Mechanical Engineering, vol. 61, 
1939, pp. 757-758. 
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based on the Mises-Hencky concept, can be used to interpret 
creep under three-dimensional stress conditions. His conclusion 
that the circumferential stress in a closed-end tube can be per- 
mitted to be 15 per cent higher than stress in simple tension is in 
agreement with other authorities on theories of combined stress. 
Professor Norton’s tests were stated to be planned to give direct 
confirmation of this concept. His conclusion, however, that the 
resulting circumferential creep rate at this higher circumferential 
stress will be only 86.7 per cent of the tensile creep rate at the 
lower tensile stress is not so apparent. 

In order to examine more closely whether Professor Soderberg’s 
theories were supported by the test results, the rates of creep 
existing at different intervals during the tests at 900 F on both 
the tensile and tubular specimens have been plotted in Fig. 8 of 
this discussion. These rates were determined from values of 
elongation read at 400-hr intervals from blueprints of Professor 
Norton’s daily plotting of time-elongation curves. The curves, in 
Fig. 8, emphasize that it is essential to compare creep rates over 
the same intervals of time. 

The tensile rates are compared with the tubular rates, corrected 
to the mean radius by Professor Soderberg’s Equation [15], in 
Table 5 of this discussion. His method of correcting the meas- 
urements to determine the creep rate at the mean radius of the 
tube appears to have been an afterthought, since the diameters 
used in calculating unit elongations were not given in Professor 
Norton’s report. It will be observed that the rates for the 1/s-in- 
and 3/s-in-wall tubes are reasonably consistent when considered at 
the same time intervals. Also, that the ratio of circumferential 
creep to tensile creep appears to be approximately unity or greater. 

A similar comparison between tubular and tensile creep rates 
for the tests at 1050 F, likewise, showed more consistent relations 
when measured over the same time intervals than when tubular 
tests of 2600 hr duration were compared with tensile tests of 7000 
hr. 

Tensile and circumferential creep rates, when considered for the 
same intervals of time, seem to confirm Professor Soderberg’s con- 
clusion that the circumferential stress in a closed-end tube can be 
made 15 per cent higher than the simple tensile stress. Also, that 
his proposed means of adjusting measured changes in the outside 
diameter to give the creep rate at the mean radius is approxi- 
mately correct. The results, however, do not appear to afford a 
demonstration that the circumferential creep rate at the mean 
radius of a tube having 15 per cent higher stress will be 86.7 per 
cent of the tensile creep rate as predicted by the author’s theory. 
This is illustrated in Fig. 8 of this discussion, by the dashed curve. 

It should be emphasized that these results are for fairly high 
rates of creep. The particular test conditions of 23,000 psi, 900 
F and 9200 psi, 1050 F, are in the region in 
which creep of tubular specimens has been 
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longitudinal thrust may balance the longi- 
tudinal force due to internal pressure and 
give the equivalent of an open-end condi- 
tion. Bending moments also place one side 
of the pipe in compression. The greater 
circumferential creep of the side of a pipe 
under longitudinal compression due to bend 


u = tensile creep rate, per cent in 100,000 hr. 
u', = circumferential rate, per cent in 100,000 hr, determined from prints of daily plotting of 
Professor Norton’s time-elongation curves. 
= circumferential rate, per cent in 100,000 hr, corrected to mean radius by Professor Soderberg’s 
Equation [15] 
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ing has been observed qualitatively on several occasions where 
pipe has become oval in service. 

Thanks are due to Professor Soderberg for his interpretation of 
Professor Norton’s test data and his rationalization of the manner 
in which measured elongations on the outside of tubes may be 
corrected to the mean radius. It is hoped that this re-examina- 
tion of the creep rates, obtaining at comparable intervals through- 
out the tensile and tubular tests, will be considered as an effort to 
secure better correlation between the proposed theory and the 
test results rather than a criticism of the method of comparison 
used in this paper. 


C. O. Ruys.??, The writer has studied Professor Norton’s re- 
sults, in Table 1 of his paper, with considerable interest. The 
data from his tensile tests for a creep rate of 1.2 per cent per 
100,000 hr, when plotted on semilog paper, Fig. 9 of this discus- 
sion, show a remarkable agreement with our design stresses for 
4-6 per cent chrome-molybdenum steel. The slopes are identical 
and Professor Norton’s stresses for 1.2 per cent per 100,000 hr are 
slightly more than ours for 1 per cent per 100,000 hr. Our design- 
stress curves follow Bailey’s creep law and are average values of 
creep-stress data from a number of sources. 
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We have also applied our tube-calculation procedure to Profes- 
sor Norton’s test values for tubular specimens, and give the re- 
TABLE 6 RESULTS OF APPLYING STANDARD OIL DEVELOP- 


MENT COMPANY’S TUBE-CALCULATION PROCEDURE TO PROF. 
NORTON’S TEST VALUES FOR TUBULAR SPECIMENS 


Outside diam of tube........-++eeeee seers 4 In. in all cases 


ST OUMOS SLES eiekis cle © eis <itis,o/siscolersle ore’ sv oie 1/ 3/3 1/8 3/8 
Metal temperature, F...........--- ee ee eeee 900 900 1050 1050 
Internal pressure, PSi.....---- esses eee eeee 1490 4780 596 1911 
a Creep stress corresponding with circum- 
ferential creep rate at outside surface, 
PST ete ste ears ne ovis yw iwinte'sis'e's. 19000 18400 7650 7400 
b Circumferential creep rate at outside sur- 
face, per cent per 100,000 hr.........-- 1.02 0.93 (ha! 6.2 
¢ Bxperimental values of foregoing creep 
rate, per cent per 100,000 hr.........-- 1.5 0.9 8.7 6.5 


a Calculated by Bailey's equation. This is the stress in simple tension 
which will give the circumferential creep rate at the outside tube surface for 
axial and hoop stresses. Radial stress 1s zero. 

> Calculated by Bailey’s creep law. Physical constants taken from Table 
1 of Professor Norton’s paper.! 

¢ From Table 1 of Professor Norton’s paper. 


sults in Table 6. Our calculations are based on Bailey’s theory, 
which does not require Professor Soderberg’s assumption of a thin 


22 Process Engineering Department, Standard Oil Development 
Company, Elizabeth, N. J. 
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tube. We were enabled to determine the creep rate at the outside 
surface for direct comparison with Professor Norton’s results. 
No correction for creep at the mean radius is necessary. The 
agreement is rather better than that obtained by the application 
of the Mises-Hencky theory. It will be noticed that the tests do 
not all show higher creep rates than those found by Bailey’s 
theory, as they do for the Mises-Hencky theory, the differences 
being in both directions. 

We note Professor Soderberg’s criticism of Bailey’s theory as 
being unnecessarily complicated. As far as its application to a 
thick tube, subjected to internal pressure and heat transfer, is 
concerned, the reasoning is about as simple as that for the ordi- 
nary theory of thick cylinders. From Bailey’s final equations we 
have devised a procedure by which tube calculations can be made 
easily and quickly. This check on Professor Norton’s results is 
an example of the application of our procedure. 


Ernest L. Ropinson.23 When the tests, which are the subject 
matter ofthetwo papers under consideration, were projected several 
years ago, the writer pointed out that, if the results were to be 
used to check the theories for creep under compound stress, the 
specimens should be manufactured from a forged billet as nearly 
isotropic as it could be made, 

It was, however, deemed more important to secure information 
on the creep behavior of tubes as usually manufactured, and the 
test specimens were, therefore, made to simulate actual piping, 
although they were made extra thick, so tensile-test specimens 
could be obtained out of the wall thickness. The method of 
manufacture was, therefore, such as might tend to some fibrous 
condition in a longitudinal direction. Just how important such 
effects are in the creep behavior of piping is not known. Indeed 
it was one of the objects of this test setup to try to evaluate these 
effects. 

Six years ago a paper?! was presented by L. L. Wyman which 
gave creep-test results showing that banded specimens of nickel- 
chrome-molybdenum steel might be only 1/3 or 1/, as strong in 
creep as more homogeneous materials. Such nonuniform speci- 
mens may creep many times as fast as more uniform material. 
While the material used by Project 10 is undoubtedly much more 
uniform than that described by Wyman, yet we must be prepared 
to accept deviations of behavior from a theory based on isotropic 
material. 

In this connection, it is also well to recall the fact that the De- 
troit test results, described by Van Duzer and McCutchan,?%! 
for the most part showed definitely more creep than called for by 
theory, even going so far as to exceed the creep in tension under 
the same load. 


TABLE 7 CREEP RATES SCALED FROM AUTHORS’ CURVES 
FOR VARIOUS TIMES 


Nominal Creep rates, per cent per 100,000 

Temp, stress, Type of —- —hr, at indicated time———— 

F psi test 2000 hr 4000 hr 6000 hr 
900 13000 Tension 0.2 0.2 0.2 
900 20000 Tension 130 1.0 1.0 
900 23000 Thin tube 2.0 2.154 weie ie 
900 23000 Thick tube 1.6 1.954 Sth 
1050 5000 Tension 2.0 1.2 jak 
1050 8000 Tension 8.5 8.5 10.0 
1050 9200 Thin tube 9.5 10.14 San reid 

1050 9200 Thick tube 8.0 9.754 


a Corrected for thickness in same way used by author. 


Another important consideration in checking a theory is the 
legitimate range of interpretation of the test results. Regarded as 
creep tests, the data presented by Professor Norton appear highly 
satisfactory but, especially at the lower rates, there appear to be 


23 Turbine Engineering Department, General Electric Company, 
Schenectady, N. Y. Mem. A.S.M.E. 

24 ‘The Creep of Steels as Influenced by Microstructure,” by L. L. 
Wyman, Mechanical Engineering, vol. 57, 1935, pp. 625-627. 
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legitimate differences of interpretation possible. Thus, the writer 


has scaled the resulting creep rates both from the small-scale ~ 


curves accompanying the paper and from the larger-scale blue- 
prints circulated to the subcommittee and has listed, in Table 7 
of this discussion, the resulting creep rates at 2000, 4000, and 6000 
hr for comparison with the results given by the authors. 

The writer does not wish to substitute these results for those 
presented by the authors. The important point to note is the 
magnitude of the differences which may be regarded as legitimate 
differences of interpretation. Thus, the higher rates, given by 
the authors for the tensile tests at 900 F, can easily be obtained 
by scaling slopes at a time somewhat less than 2000 hr. On the 
other hand, the figure of 6.5 for the thick tube at 1050 F seems to 
the writer to correspond with a time at which leakage was occur- 
ring and, therefore, that a figure of 8 would better represent the 
test result. Furthermore, the writer scales larger slopes than the 


EXPECTED TUBE 


NN STRESS 


STRESS, PS.I 
 & 
OF 2 
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CREEP RATE % PER 00,000 HR. 


a2 03 04 


Frc. 10 Comparison oF Mreasurep Wit EXPECTED CrerEep RaTESs 
In TUBE SPECIMENS 


(The results of the tension tests as interpreted by the authors are shown by 
the full circles connected by the full lines. The discusser’s interpretation 
of the same results is given by the dotted circles and dotted lines. The 
crosses at the higher bursting stress used in the tubes represent the creep rate 
in the tube expected in accordance with the theory. The measured creep 
rates in the tube, corrected to mid-thickness, are shown by triangles. The 
full triangles represent the interpretation given by the authors and the broken 
triangles the interpretation of the discusser.) 


authors for each of the tube tests in contrast to smaller or equal 
slopes for the tension tests. This exaggerates the relative excess 
creep of the tube tests, as compared with theory. 

In the writer’s opinion, when the lower stressed tube tests still 
on the program have been completed, a more profitable compari- 
son with the theory will be possible. Thus, from the plotted re- 
sults, it will be possible to compare the relative creep rates which 
would be caused by equal tensile stress and bursting stress at 
various levels instead of at a single level. To the ordinary per- 
son’s mind such comparisons seem more understandable than 
when both stress and rate are varied. 

Professor Soderberg has chosen a bursting stress unequal to the 
tension-test stress, because his theory shows that, regardless of 
the slope of Norton’s log-log plot of rate versus time, a 15 per 
cent greater bursting stress will result in a 15 per cent smaller 
creep rate than that which occurs in the tensile specimen. Even 
if we did succeed in measuring exactly this set of ratios for these 
particular stress conditions and, in addition, note zero elongation 
of the tube as called for by theory, a wider comparison of rela- 
tions would seem to constitute a more convincing justification of 
the theory. 

Some years ago both Bailey* in England and Soderberg* 7° in 
this country published theories of creep under conditions of com- 
pound stress. It is to be noted that, when the bursting stress in 
the thin tube is made equal to the tensile stress in pure tension, 
the maximum tension stress and the maximum shear stress are the 
same in both cases. Under such conditions, the two theories 


2 ‘The Interpretation of Creep Tests for Machine Design,’”’ by 
C. R. Soderberg, Trans. A.S.M.E., vol. 58, 1936, pp. 733-743. 
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referred to yield algebraic relations representing the ratio of the 
circumferential creep in the tube to the longitudinal creep in the 
tensile specimen as follows 

According to Bailey 


Souket atl) 
gnt+l 


where n = 2m + q. 


According to Soderberg 


The more complicated expression given by Bailey is identical 
with that given by Soderberg in two cases, namely, when g = 1 
and when g = 3. 

In Fig. 10 of this discussion, the writer has plotted in full lines 
results of the various tests as reported by the authors, the creep 
rates for the tube samples being corrected, as outlined by Pro- 
fessor Soderberg. 

The writer has added his own interpretation of the results in 
dotted lines, again not claiming any greater validity but simply 
to show the breadth of interpretation possible. 

From the two test results in tension at each temperature, it is 
possible to predict the tensile creep rate under the same loading as 
used in the tube, and thus to determine the ratio of the creep rate 
measured in the tube to the predicted rate in tension for compari- 
son with the theory. Such a comparison is shown in Table 8 of 
this discussion. 


TABLE 8 COMPARISON OF CREEP-RATE DATA, AS 
CALCULATED, WITH THEORETICAL 


(900 F; 23,000 psi) 


Authors’ Discusser’s 
interpretation interpretation 
(Fig. 10, ig. 10, 
full lines) dotted lines) 
Tension creep rate indicated by test..... 1.9 1.65 
Slope of log-log plot, ......-++++s+e0e: Biel Stl 
Theoretical ratio, tube/tensile creep..... 0.56 0.51 
Expected tube creep rate.......++++eee 1.06 0.84 
Measured-tube creep rate (frie Ai Ee 1.6 2.15 
(corrected for thickness) \thick....... Wee 1.95 
Actual ratio, tube/tensile creep (a oy Oieg ia 
(1050 F; 9200 psi) 
Tension creep rate indicated by test....- 15.0 13.0 
Slope of log-log plot, 2 ......+++++2+000- 4.1 3.1 
Theoretical ratio, tube/tensile creep..... 0.49 0.56 
Expected tube creep rate.....--++seeees 7.3 7.3 
Measured-tube creep rate fthin........ 9.3 TOEE 
(corrected for thickness) \thick....... 7.9 9.75 
Actual ratio, tube/tensile creep toms hee One 


The theoretical ratios in Table 8 are given for the Soderberg 
theory. These ratios may be varied over a narrow range by 
assuming various combinations of m and g in the Bailey formula- 
tion, but they cannot possibly be made to account for the larger 
observed values even by making m = 0 and q = n. 

Allin all, it seems to the writer that materials being what they 
are, a too complicated theory of creep behavior is not warranted. 
We do need to have some notion of the relative strength and 
behavior of materials under compound stresses as compared 
with simple tension or simple shear, but we cannot forget that, 
even with the most careful laboratory technique, successive test 
bars are likely to differ very noticeably in creep behavior. We 
must, therefore, not lose sight of the fact that the main object of 
running these tests and developing a theory is to discover what is 
going on rather than to set up an exact science of calculation. 
Unfortunately, one cannot set up a theory in mathematical form 
without having it evaluated numerically. That is what a theory 


ismadefor. Test results of the sort presented by Professor Norton 
are urgently needed and in larger volume. At the same time, 
analytical interpretation such as presented by Professor Soderberg 
-) is also necessary, and the fact that rather wide deviations from it 
are observed under test circumstances does not mean that we 
cannot make good use of it for understanding behavior and apply- 
ing test results. For intelligent engineering design, we must have 
a theory and must also have a notion as to its limitations and be 
prepared to accept both. 


CLosurE BY C. R. SoDERBERG 


Referring to the discussion by Mr. Clinedinst, it should be 
noted that the ‘‘condition of plasticity,’ as given by Equation 
[14] of Nddai,!° is not directly applicable to the case of creep. 
This condition of plasticity postulates a constant value of the 
| yield strength in tension. For the case of creep it is necessary 
to relate this yield strength to the creep rate. 
| _ An investigation of the influence of the tube thickness will be 
_ presented as a part of the concluding report of these tests. The 
results show that the influence may be even greater than that 
predicted by Mr. Clinedinst. 

On the basis of these results, it is evident that the test pres- 
) sures should be raised for the thick tubes, in order to obtain a 
close comparison with the tension tests. This would have the 
effect of raising the creep rates of the tubes to values about 
equal to the creep rates of the tension test at /3/2 times 
the tangential tests of the tubes. As shown by Messrs. van 
Duzer and McCutchan, however, the creep rates must be ex- 
trapolated to equal times to justify the application of the 
theory. The authors are indebted to Mr. Clinedinst for raising 
this question. 

Following the presentation of this paper Dr. Jacobus kindly 
submitted to the author the data which he and his associates had 
used in the evaluation of stress limits for boiler tubes, based on 
their interpretation of the Bailey theory. Applying the analysis 
referred to in connection with Mr. Clinedinst’s discussion, it 
was found that the limiting heat flows established by Dr. Jacobus 
involve an extra safety factor of about 1.15, which is due prin- 
cipally to the lower weight of the shearing stress assigned by the 
Mises-Hencky theory as compared with that of the maximum- 
shear theory. This is a difference on the safe side, which cer- 
tainly may be ignored until our experimental knowledge is more 
precise. However, the author’s analysis also shows that the 
intensity of stress at the inner bore is higher than that antici- 
pated by Dr. Jacobus. The difference is about 20 per cent, and 
in the author’s opinion, it should receive some attention in a future 
" revision of the limiting heat flows, particularly in view of the dan- 
ger of intercrystalline fractures. 

The only aspect of Dr. Kanter’s discussion which the author 
wishes to question is the fundamental one of treating the phe- 
nomenon of creep as a viscous flow with variable intrinsic viscos- 
ity. Asa phenomenological description of the creep phenomenon 
it may be defended on a purely pragmatic basis, but the author 
finds it difficult to see any particular significance in the introduc- 
tion of the flowability factor as defined by Equation [26] of Mr. 
Clinedinst’s discussion. After all, this definition of viscosity has 
logical justification only for gases, although it may also be ex- 
tended to liquids. - When dealing with solids, however, the intro- 
duction of this term seems extremely arbitrary. If a sound 
phenomenological approach is to be made, it seems necessary to 
assume that a relation between stress, strain rate, strain, and time 
be made of the form 


Dis Melos — Ol. .cne na ake [38] 


when the function ¢ has a meaning akin to Dr. Kanter’s flowabil- 
ity function, but where the additional functions y and @ play an 
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even more important role.2® The present creep data do not afford 
sufficient information for the evaluation of these three functions, 
but this is due to the inadequacy of present testing methods. 

This difference in outlook, however, does not invalidate Dr. 
Kanter’s conclusions about the possible influence of the hydro- 
static pressure. The author is prepared to agree that we are 
unable at the present time to state with assurance that the hydro- 
static component of the stress does not influence the creep phe- 
nomena. The only statement which can be made is that the 
assumption of constant volume for the steady state of plastic flow 
seems to give results which check tolerably well with experiments. 
To go further than this requires an exposition of consistent diver- 
gencies between experiments and the present theory. The experi- 
mental results are far too uncertain to form the basis for such a 
conclusion at the present time, and no improvement of testing 
technique is in sight which would offer any immediate hope of 
such an exposition. If the volume does remain constant, how- 
ever, and if the hydrostatic component of stress is without effect 
on the plastic flow, it is necessary that the tangential creep rate 
is »/3/2 times the creep rate of the tensile test under the same 
stress intensity. 

The author agrees fully with the statement made by Messrs. 
van Duzer and McCutchan that the creep rates for the tensile 
tests and the tubes should be compared at the same time inter- 
vals from the beginning of the test. As already mentioned by . 
Professor Norton,* it was considered best to leave this to the final 
report. While a more complete discussion on this point must be 
deferred until the final report, it seems reasonable to conclude at 
the present time that the tangential creep rates of the tubes will 
be somewhat greater than those called for by the present theory. 
If the theory had demanded that the tangential creep rate of the 
tube be equal to that of the tensile test at equal stress intensity, 
all concerned would probably be satisfied that the theory had 
proved itself to be correct. The fact remains, however, that the 
theory demands that the creep rate of the tube be /3/2 times 
that of the tensile test, and the cause of the discrepancy must be 
searched for either in the premises of the theory or in the inter- 
pretation of the tests. It is quite possible that the premises of the 
theory are only approximately fulfilled. It is also possible that 
the final check of the dimensions of the tubes will require some 
correction of the final experimental data. It is questionable, 
however, whether the present tests will give results of sufficient 
accuracy to settle this point definitely. 

In connection with Mr. Rhys’s discussion the author would like 
to point out that the reference to the relative complexity of 
Bailey’s theory? referred to the underlying reasoning rather than 
to the complication of the final formulas. In using the Bailey 
theory? it is necessary to make a decision of the values of m and 
nm to be used. If m — 2m = 1 the two theories are identical. 
The only basis for assigning other values to these exponents would 
be the results of extensive series of tests of creep rates in two or 
three dimensions. Such tests are very scarce so far, and those 
available do not possess the precision required for a reliable esti- 
mate of these quantities. As far as the author knows, no convinc- 
ing case has yet been made for this complication of the analysis. 

Mr. Robinson shows that the present test results may be sub- 
ject to a wide range of interpretations and that they cannot be 
made into a conclusive proof or disproof of the present theories of 
creep. This point is well taken, and the author would like to em- 
phasize further the fact that present-day creep tests are alto- 
gether too inaccurate to be made a basis for a clinching proof of 
any theory. It must not be forgotten that the circular tube is a 
rather unfortunate choice for the investigation of creep in two 


26 ‘Plastic Flow and Creep in Polycrystalline Materials,” by 
C. R. Soderberg, Proceedings of the Fifth International Congress for 
Applied Mechanics, Cambridge, Mass., 1938, pp. 238-244. 
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dimensions. After all, the problem is to establish the influence of 
the second principal stress when it is superimposed upon the first. 
In the tube the axial stress is only one half the tangential stress 
and the effect upon the tangential creep rate of the intensity of 
stress is reduced from unity in the tension test to 4/3/2 in the 
tube test. From the point of view of confirmation of a creep 
theory the thin sphere under internal pressure would be much bet- 
ter, because here the two principal stresses are alike and the result 
of a certain intensity of stress is reduced to 1/2 as compared with 
a tension test. Moreover, if the main object of the present series 
of tests had been to afford a confirmation of the theory they cer- 
tainly should have been prepared from a forged billet in the man- 
ner proposed originally by Mr. Robinson. 

The author feels that the tests as made have practical justifica- 
tion but would caution against their being used rigidly to prove 
or disprove any theory. As long as the results are applied to 
tubes, it is relatively unimportant whether the results are pro- 
jected against the intensity of stress, or against the tangential 
stress, This distinction becomes important, however, if the re- 
sults are used to predict creep phenomena in other forms of stress 
application. 


CrosurE BY F. H. Norton 


The discussion presented by Mr. Kanter brings out the fact, 
not clearly shown in the progress report, that in some cases the 
tubular specimen showed a small but definite longitudinal creep. 
In some cases this creep was an elongation and in other cases a 
contraction. The author quite agrees with Mr. Kanter that 
this effect is due to some directional effect left in the metal during 
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the forming of the tube. This creep, however, is very small 
compared with the circumferential creep, not amounting in any 
case to more than a few per cent of the latter. 

Mr. Van Duzer is quite correct in concluding that the tensile 
tests and the tubular tests should be compared at equal time 
intervals, and this will of course be done as nearly as possible in 
the final report. Some of the specimens which are now running 
are showing lower rates than they did when the data were pre- 
sented in the progress report. 

The data presented by Mr. Rhys showing the very gratifying 
agreement between his results and the results presented in the 
progress report are most interesting, and it is hoped that when the 
final values are presented this agreement will be equally good. 

Mr. Robinson is undoubtedly correct in assuming that there 
are directional effects left in the tube material, but due to the 
fact that the tube was machined both inside and out and care- 
fully annealed these should be small. The fact that the longi- 
tudinal creep was not always zero, as the theory would demand, 
would indicate that some of these effects were present, but to a 
very small degree. In regard to Mr. Robinson’s point that 
various interpretations can be made from the curves, it should 
be stated that the gage length for the circumferential flow is 
only 4 in. and that the precision especially at the low rates, 
cannot be as great as for our usual 10-in. specimens. Therefore, 
we should not try to read into the low-rate curves too much 
exactness. Only by a considerable number of very long time 
tests can we hope to approach a final accurate value. The tests, 
however, should show the trend and, to a fair degree, should 
approximate values. 
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Effect of Grain Size and Structure on 
Carbon-Molybdenum Steel Pipe 


An Investigation of These Properties for Their Bearing on Suitability 
of Such: Pipe for High-Temperature Steam Service 


By A. E. WHITE,! ANN ARBOR, MICH., ann SABIN CROCKER,” DETROIT, MICH. 


This paper gives the results of an investigation sponsored 
by The Detroit Edison Company at the University ot 
Michigan for the purpose of relating the grain size and 
grain structure of carbon-molybdenum steel pipe to its 
high-temperature creep properties at 925 F. Pipe speci- 
mens were obtained from eight different heats of carbon- 
molybdenum steel, six being made by the open-hearth, 
and two by the electric-furnace process, and an attempt 
was made to correlate the respective creep strengths at 925 
F with other significant properties obtained through short- 
time tests. At this stage of the investigation no apparent 
relationship was found. Further tests were conducted on 
heat-treated specimens from a single heat of steel which 
had been made by a preferred melting practice. From 
these tests, it is evident that, if the carbide structures are 
of a Widmanstatten type, with grain sizes ranging from 
2 to 7, the steels will have high-temperature creep proper- 
ties superior to those in which the carbides are in other 
conditions or forms. It is also believed that too great an 
emphasis has been placed on grain size and not enough on 
type of carbide structure. It is felt that consideration 
should be given to both factors, though with greater em- 
phasis on the type of carbide structure. 


seamless pipe intended for steam service at 900 to 925 F 
is a. 0.1 to 0.2 per cent carbon, 0.45 to 0.65 per cent molyb- 
denum steel popularly known as carbon-moly. Pipe of this sort is 
commonly ordered to A.S.T.M. Specification A206. Allowable 
working stresses (S values) for this material at various tempera- 
tures are established in the A.S.M.E. Boiler Construction Code 
and in the A.8.A. Code for Pressure Piping. These stresses are 
set with the expectation of a sustained useful life of the material 
of 100,000 hr or more, with a creep of something under 1 per cent. 
Fortunately, since corrosion is not a factor of major importance 
with superheated steam at 900 to 1000 F, design can be based on 
load-carrying ability rather than on corrosion resistance. 
For many years, the very considerable opportunity for saving 
fuel through using higher operating temperatures has kept steam- 
power engineers and their metallurgical advisers in constant pur- 


\" THE present time, the generally accepted material for 


1 Consulting Engineer, The Detroit Edison Company, and Director 
of Engineering Research, University of Michigan. Mem. A.S.M.E. 

2 Senior Engineer, Engineering Division, The Detroit Edison Com- 
pany. Mem. A.S.M.E. 

3 A.S.T.M. Tentative Specification A206-39-T, “Seamless Carbon- 
Molybdenum Alloy-Steel Pipe for Service at Temperatures From 
750-1000 F,” A.S.T.M. Standards for 1939, part 1, Metals, pp. 
853-861. 

Contributed by the Joint Research Committee on Effect of Tem- 
perature on the Properties of Metals and presented at the Annual 
Meeting, New York, N. Y., December 2-6, 1940, of THe AMERICAN 
Socrmry or MEcHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


suit of better materials. In this sense a “better material’? may 
be another material having properties superior to those pos- 
sessed by metals already in use, or it may mean bringing out bet- 
ter properties in ostensibly the same material through improved 
steel-melting practice, heat-treatment, or the like. In either 
case, it is logical to strive for the optimum properties obtain- 
able for any given material through properly directed metallurgi- 
cal control. 


ACCEPTANCE CRITERIA NEEDED 


Owing to the comparatively recent application of carbon- 
molybdenum steel to superheated-steam pipe, much remains to 
be learned about how to melt and heat-treat steel of this com- 
position in order to get best results in high-temperature service. 
While in the ultimate analysis all possible variations in the prod- 
uct should be weighed on the basis of performance in service, 
this takes years of time and more immediate criteria of expected 
behavior are badly needed. Hence, the interest in finding prop- 
erties to serve as bases for short-time acceptance tests which can 
be linked with full-life performance. 

Among the various possible short-time performance criteria 
for this and other materials heretofore considered by various in- 
vestigators are: (a) yield point or proportional limit at operating 
temperature; (b) time-yield stress; (c) time versus stress to rup- 
ture; (d) relation of equicohesive temperature to service tem- 
perature; (e) austenitic or ferritic grain size; and (f) grain struc- 
ture. é 

The great number of variables encountered in trying to effect 
metallurgical control, coupled with uncertainty as to which of 
these actually have much significance in determining high-tem- 
perature properties, have all but baffled rational analysis. To cite 
a single example of the difficulties encountered, specimens from 
practically identical analyses of carbon-molybdenum steel pipe 
with identical heat-treatment have shown creep rates‘ of the order 
of 10 to 1, refer to chart 1, Figs. 1 to 8. Obviously, chemical 
composition and heat-treatment alone cannot be the criterion of 
high-temperature behavior, and some other factor, such as steel- 
melting practice, with its attendant effect on grain size and struc- 
ture, must be responsible for these discordant results. One clue 
to this enigma lies in the supposition that steel-melting practice 
and heat-treatment tend to establish grain size and structure or, 
in other words, that they constitute a cause with grain size and 
structure as effect. In this way the grain size and the structural 
characteristics of the grains should serve as thumbprint patterns 
to link the antecedents of a given steel with the behavior to be 
expected of it in service. Present knowledge of the subject is too 
meager to permit saying as yet whether grain size and structure 
are in themselves the cause of variation in high-temperature prop- 
erties of materials, or whether they are merely symptoms in- 
dicative of proper antecedents or of other properties of a hidden 


4 Whereas creep rates may be of the order of 10 to 1, corresponding 
creep strengths for 1 per cent in 100,000 hr probably would be more 
like 1 to 2, or 2 to 3. 
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CHART 1 
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EFFECT OF NORMALIZING AND DRAWING ON GRAIN SIZE AND STRUCTURE, AND CREEP PROPERTIES OF SEVERAL 


HEATS OF CARBON-MOLYBDENUM STEEL PIPE: HEATED 1 HR AT 1650 F, AIR-COOLED, AND DRAWN 1 HR AT 1200 F 


FEM Be (ee OS 
Pe se at! fe Oe SS 


: 7 " SS lope es > 
PS a Ji 


(a) 4129 (e) 17400 
(b) 5 to7 (Gime, 
(c) Widmanstatten (g) X100 
(d) 0.3 


(a) 11919 (e) 14300 
(b) 7 to8 (f) 2.0 
(c) Sorbitic pearlite ; (g) 100 
(Gy i 


Note: 


(a) 6442 (e) 14500 
(b) 7to8 1.8 
(c) Sorbitic pearlite (g) 100 
(d) “e1 


(a) 2490 (e) 14100 
(b) 7 to8 (f) 2.25 
(c) Sorbitie pearlite (g) 100 
(d) 1.4 


(a) Heat; (b) A.S.T.M. grainsize; (c) carbidestructure; (d) creep rate, 15,000 lb stress at 925 F, per cent per 100,000 hr; (e) creep strength, 


psi at 925 F, 1 per cent per 100,000 hr;i,(f) aluminum added, lb per ton; (g) magnification. 


but significant nature, as intimated in the 1940 report® of the 
A.S.M.E.-A.S.T.M. Joint Committee on the Effect of Tempera- 
ture on the Properties of Metals. 

In either event, grain size and structure should be a useful guide 
in appraising the probable behavior of the steels in service, and 
one which may be of value as an acceptance test in selecting 
material for high-temperature service. Not only is it important 
to know the significance of such factors as steel-melting and 
heat-treatment practice in advance, but from a purchaser’s stand- 
point it is even more important to be able to judge from chemical 
analysis and metallographic examination whether the material 
offered will have the hoped-for high-temperature properties. 


EVoLution oF PRroJEct 


This investigation of carbon-molybdenum steel pipe, which was 
5 Refer to p. 28 of report. 


supported by The Detroit Edison Company, was conceived origi- 
nally in the fall of 1936 as a means of finding a short-time ac- 
ceptance test for the material which would be indicative of its 
probable behavior in service at 925 F. At the outset, pipe speci- 
mens were obtained from eight different heats of carbon-molybde- 
num steel, six being made by the open-hearth and two by the 
electric-furnace process, and an attempt was made to correlate 
their respective creep strengths at 925 F with other significant 
properties. In order to eliminate any variables arising from heat- 
treatment, the original specimens were all heat-treated according 
to the following requirement: 

“Pipe shall be tested in the normalized and drawn condition. 
Normalizing shall consist of heating the finished pipe to 1650 F 
and cooling in still air to 800 F or below. Drawing shall consist 
of reheating the normalized pipe to 1200 F and allowing to cool 
slowly.” 
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CHART 1 (Continued) 


EFFECT OF NORMALIZING AND DRAWING ON GRAIN SIZE AND STRUCTURE, AND CREEP PROPERTIES OF 


SEVERAL HEATS OF CARBON-MOLYBDENUM STEEL PIPE; HEATED 1 HR AT 1650 F, AIR-COOLED, AND DRAWN 1 HR AT 1200 F 


(a) 11067 1am 


af me) 
(g) 100 


12500 
2.25 


(c) porpitie pearlite (g) 100 
3 


ee eee Ou ee YS 
were; PY Tee as : 
Fe. fee: 


Lote 


(a) 43674 : (e) 
(b) 7to8 (N 
porbitie pearlite (g) 


12000 
2.25 
x 100 


(c) Sorbitic pearlite (9) 
(dq) 2.9 


(Refer to note on opposite page for letter key.) 


Although numerous tests were made to determine various 
room-temperature properties and short-time properties at 925 F, 
no significant relation was found at the time between these proper- 
ties and the respective creep strengths of the different specimens. 
Neither was any particular superiority observed in the open- 
hearth process over the electric-furnace process, or vice versa. 
Among the possibilities studied was time-to-rupture under a 
stress calculated to produce failure within a day or two. Unfor- 
tunately, the required loading produced strain-hardening of the 
material at 925 F and the results were discordant. At this stage 
of the investigation, the possibility of finding a satisfactory short- 
time acceptance test was not promising. 

Shortly thereafter, however, the authors’ attention was called 
to an investigation® of the effect of grain size on creep strength 


6 “Actual Grain Size Related to Creep Strength of Steels at Ele- 
vated Temperatures,” by S. H. Weaver, Proceedings American Soci- 
ety for Testing Materials, vol. 38, 1938, part 2, pp- 176-181. 


being carried on in the laboratories of the General Electric Com- 
pany. Arrangements were made to secure specimens from 
pipe (heat 7011 and T.C.) which had been given a heat-treat- 
ment conducive to producing the large grains which were 
thought to be associated with superior high-temperature prop- 
erties. In order to produce the desired grain size of 3 to 6, rather 
drastic heat-treatment was found necessary, requiring holding 
the temperature for 2 to 3 hr at 1900 to 1975 F. At that time, 
it was held by some of the proponents of large grain size that the 
material should be full-annealed rather than normalized. 

However, the creep strengths of the annealed specimens from 
heat 7011 and T.C., despite their large grain size, were decidedly 
inferior to the creep strengths of the other heats which were in 
a normalized and drawn condition. 

The results confirmed the belief, already held by many, that 
grain size in itself was not the main contributing factor to the 
attainment of the desired high-temperature properties in a 
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TABLE 1 


no stee Cc Mao Me! Ss Si 
4299 OH¢ 0.14 0.43 0.010 0.016 0.110 
4129 OH 0.15 0.41 0.014 0.014 0.19 
4493 OH 0.16 0.45 0.009 0.021 0.14 
6442 OH Ok: 0.52 0.011 0.018 0.16 
11919 OH 0.15 0.47 0.013 0.017 0.13 
2490 EF? 0.15 0.59 0.009 0.020 0.19 
11067 EF 0.15 0.51 0.010 0.011 0.28 
43674 OH 0.21 0.48 0.019 0.028 0.31 
W.Y.F. OH 0.13 0.50 ee Alo 0.13 
7011 OH 0.16 0.47 0.014 0.020 0.14 
TE OH 0.17 he ss het 0.15 

@ OH = open-hearth. 

b EF = electric-furnace. 


TABLE2 PHYSICAL PROPERTIES AT ROOM TEMPERATURE OF 
DESIGNATED HBATS OF CARBON-MOLYBDENUM STEEL PIPE 


Heat- 
treat- Tensile Yield stress, Elongation, Reduction 
Heat ment or strength, psi, 0.2 per cent of area, 
no. condition psi per cent set in 2 in. per cent 
4299 As-rolled 59250 33750 35.5 65.4 
4299 A 55250 27875 36.7 61.5 
4299 B 54700 27750 36.7 63.0 
4299 C 65225 38125 33.5 67.6 
4129 D 64900 40000 36.8 aad 
4493 E 59500 30000 36.3 67.9 
4493 D 58500 35000 41.8 76.0 
6442 D 60800 36250 40.0 74.1 
11919 D 58900 35000 40.8 74.2 
2490 D 61700 40000 38.5 76.8 
11067 D 64400 40000 38.5 76.7 
43674 D 71700 43250 35.5 69.3 
W.Y.F D 58100 35000 39.8 76.2 
7011 F 57250 25600 39.5 60.1 
TC G 54000 28000 41.5 67.0 


(A) Heated to 1700 F and held for 2 hr to coarsen grain; furnace-cooled 
at 50 F per hr to below 1000 F. 

(B) Water-quenched from 1800 F to simulate fabrication; heated to 1700 
F and held for 2 hr to coarsen grain; furnace-cooled at 50 F per hr to below 
1000 F. 

(C) Water-quenched from 1800 F to simulate fabrication; heated to 1700 
¥ and held for 2 hr to coarsen grain; air-cooled. 

(D) Heated to 1650 F and held for 1 hr followed by air cooling; reheated 
to 1200 F and held for 1 hr, followed by air cooling. 

(E) Hot-rolled followed by 1300 F process-anneal. 

(F) Heated in range 1925 to 1975 F for 3 hr to coarsen grain; furnace- 


“cooled. 


TABLE 3 PHYSICAL PROPERTIES AT 925 F OF DESIGNATED 
HEATS OF CARBON-MOLYBDENUM STEEL PIPE 
Heat- 
treat- Tensile Yield stress, Elongation, Reduction 
Heat ment or strength, psi, 0.2 per cent of area, 
no. condition psi per cent set in 2 in. per cent 
4299 As-rolled 50000 26250 27.5 69.0 
4129 D 56900 26250 28.8 73.4 
4493 ‘of ge 50750 25250 29.8 73.6 
4493 D 51100 22000 34.3 82.8 
6442 D 52100 23250 33.0 82.2 
11919 D 52100 23000 33.5 83.2 
2490 D 50900 23500 34.3 83.4 
11067 D 49900 25500 33.8 79.2 
43674 D 57000 28000 32.3 hens) 
W.Y.F D 50700 - 21300 33.0 82.3 
7011 F 51250 27000 31.0 78.3 
TC G 50800 23000 32.0 80.3 


(D) Heated to 1650 F and held for 1 hr, followed by air cooling; reheated 
to 1200 F and held for 1 hr followed by air cooling. 

e Hot-rolled, followed by 1300 F process-anneal. 

F) Heated in range 1925 to 1975 F for 3 hr to coarsen grain; furnace- 


cooled. 
(G) Heated in range 1900 to 1925 F for 2 hr to coarsen grain; furnace- 


cooled. 


given type of steel. In fact, the General Electric engineers, who 
advanced the theory on grain size, recognized at the time they 
advanced it that other factors were involved. 

There is, however, a tie-in between grain size and steel-melting 
practice. An improperly killed steel on heating to temperatures 
around 1700 F will remain fine-grained, whereas, a properly killed 
steel will show a grain size of 3 to 7 if annealed or normalized from 
this temperature. The American Society for Testing Materials, 
recognizing this condition, called for a 3 to 6 grain size in its A206 
specification’ for pipe. The determination could be made either 
on pipe when in the as-rolled condition (on the assumption that 
the pipe would be worked down to about 1700 F) or on pipe when 
annealed or normalized from 1700 F. 
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CHEMICAL COMPOSITION OF DESIGNATED HEATS OF CARBON-MOLYBDENUM STEEL PIPE 
Chemical composition, per cent 


Al added, 
Mo Cr Ni Al AleOs lb per ton 
0.48 a staat Sts va 0.50 
0.58 0.07 0.14 0.011 0.008 1.20 
0.58 0.06 Absent 0.043 0.010 2.25 
0.54 0.05 Absent 0.045 0.010 1.80 
0.55 0.02 Absent 0.020 0.010 2.00 
0.52 0.08 0.06 0.043 0.010 2.25 
0.58 0.08 0.14 0.022 0.010 2.00 
0.53 0.05 0.11 0.014 0.006 1.00 
0.52 0.06 Trace 0.042 0.008 2.25 
0.45 ad ne ine aa 1.50 
0.56 ete 


This was a step forward, but by no means a final solution to 
the problem, for the results of a number of investigations have 
shown that superior high-temperature creep properties were ob- 
tained from steel in the ‘‘as-rolled”’ or normalized conditions 
rather than in the annealed condition. 

A series of tests was made, therefore, on specimens from a 
single heat of steel, produced according to the preferred melting 
practice, embracing the various types of heat-treatment which 
it was felt would be of interest, viz. (a) as-rolled, (b) annealed, 
(c) annealed, preceded by a quench to simulate one of the possible 
conditions in fabrication practice, and (d) normalized, preceded 
by a quench to simulate one of the other possible conditions in 
fabrication practice. 

The results of this work, coupled with the findings of earlier 
work by the authors bearing on the subject of grain size, grain 
structure, and high-temperature properties, as well as a high-tem- 
perature test on an all-weld section, are given in the succeeding 
sections of this paper. 


Discussion OF RESULTS 


As previously mentioned, the initial investigation was made on 
eight heats of carbon-molybdenum steel. To these were added 
two heats received through the courtesy of the General Electric 
Company, and later a heat through the courtesy of the National 
Tube Company which had been produced according to what is 
now believed to be the preferred melting practice. 

Chemical Composition. The chemical compositions of these 
various heats are given in Table 1. These compositions, for the 
most part, are from drillings taken from actual sections of the pipe. 
Because of the general interest in aluminum additions in steel for 
high-temperature purposes, the amount of aluminum added in 
pounds per ton is also given in this table, as well as the amount 
of residual aluminum and aluminum oxide which was found in 
the original eight heats. All of the heats were of killed steel. It 
will be noted that the amount of aluminum added, expressed in 
pounds per ton, ranged from 1/2 lb to 2.25 lb. Further reference 
to this matter will be made in a later section of the paper. 

Physical Properties... The physical properties of these steels 
at room temperature, with two heats showing different condi- 
tions of heat-treatment, are given in Table 2. The findings are 
without much significance. Based on the physical-property 
findings at room temperature, they show all the heats to be of 
an acceptable character. 

Short-time tests at 925 F, Table 3, were also made on these heats. 
Heat 4493 was in two conditions of heat-treatment. These find- 
ings, again, are of but slight significance beyond showing that, on 


7 Though impact properties should be given consideration in the 
selection of materials for high-temperature properties, the subject 
matter was not included as the authors desired to confine the paper 
mainly to a treatment of the relation of grain size and structure to 
creep properties. It is hoped, however, that at the time of the pres- 
entation of the paper, the authors will have some information to 
contribute on this subject. 


CHART 2 EFFECT OF HEAT-TREATMENT ON GRAIN SIZE AND STRUCTURE, AND CREEP STRENGTH ON TWO HEATS OF CARBON- 


MOLYBDENUM STEEL PIPE 


Heat-treatment 


As-rolled 4299 

3 to 6 
Pearlitic 
af 


Pray Lt 
Heat-treatment 


Bis 
Jon ers) 


BON 8G 


Heat-treatment 


(c) carbide structure; (d) creep rate, 


Heat; (b) A.S.T.M. grain size; 
ay eae i?) oe ood F 1 per cent per 100,000 hr; (f) aluminum added, lb per ton; 


psi at 925 F, 


Norte: 


EN 
> 


Pee 
CS 
oS % Cees 


« 
a 
2 > 


Fre. 10 
Heat-treatment 


Heated 2 hr 1700 F 
Cooled at rate of 50 F per hr to 1000 F 
Air-cooled below 1000 F 


Heat-treatment 


(a) 4299 Heated 1 hr 1800 F (a) 4299 Heated 1 hr 1800 F 
(b) 3to6 Water-quenched (b) 2to 6 Water-quenched 
(c) Pearlitic Heated 2 hr 1700 F (c) Widmanstatten Heated 2 hr 1700 F 
(d) 8 Cooled at rate of 50 F per hr to 1000 F (da) 086 Air-cooled 
(e) 11250 Air-cooled below 1000 F (e) 16000 
(f) 0.50 (f) 0.50 
(g) 100 (g) X100 

a ae 

a : He se Hd Ag: 

eee Ve oa <4 

Rees 32 aw Bes es ae 
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Heat-treatment 


(a) 4493 Hot-rolled (a) 4493 Heated 1 hr 1650 F 
(b) 4 to 6 Process-anneal (b) 7 to 8, ; Air-cooled 

(c) Widmanstitten 1300 F (c) Sorbitic Pearlite Heated 1 hr 1200 F 
(d) .4 (d) 2:9 Air-cooled 

(e) 16700 (e) 12000 

(f) 2.25 (f) 2.25 

(g) X100 (g) 100 


15,000 lb stress at 925 F, per cent per 100,000 hr; (e) creep strength, 


(g) magnification. 
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RELATION BETWEEN GRAIN SIZE AND STRUCTURE AND CREEP STRENGTH OF SEVERAL HEATS OF CARBON-MOLYB- 
DENUM STEEL PIPE WITH VARYING HEAT-TREATMENTS 


Fie. 15 
Heat-treatment 


(a) 4129 Heated 1 hr 1650 F 
(b) 5to7 Air-cooled 
(c) Widmanstatten Heated 1 hr 1200 F 
(d) 3 Air-cooled 


Ks 


Heat-treatment 


(a) 4299 Heated 1 hr 1800 F 
(b) 2to 6 Water-quenched 

(c) Widmanstatten Heated 2 hr 1700 F 
(d) 0.6 Air-cooled 

(e) 16000 

(f) 0.50 

(g) X100 


Norte: 


the basis of this test, the heats all appear to be of an acceptable 
character. , 

Grain Size, Grain Structure, and Creep Tests. The important 
findings of the investigation are given in Charts 1, 2, and 3, show- 
ing (a) the effect of normalizing and drawing on grain size and 
structure and creep properties of several heats of carbon-molybde- 
num steel pipe; (b) the effect of heat-treatment on grain size and 
structure and creep strength on two heats of carbon-molybdenum 
steel pipe ; and (c) a summary chart showing the relation between 
grain size and structure and creep strength of carbon-molybde- 
num steel pipe with varying heat-treatments. 


Fie. 16 

Heat-treatment 
(a) 4493 Hot-rolled 
(b) 4to6 Process-anneal 
(c) Widmanstitten 2 1300 F 
(d) 0.4 
(e) 16700 
(f) 2.25 
() 100 


Fig. 18 


Heat-treatment 
Hot-rolled 


(a) Heat; (b) A.S.T.M. grain size; (c) carbide structure; (d) creep rate, 15,000 lb stress at 925 F, per cent per 100,000 hr; (e) creep strength,. 
psi at 925 F, 1 per cent per 100,000 hr; (f) aluminum added, lb per ton; (g) magnification. 


The A.S.T.M. grain-size numbers listed on the charts refer to 
the size of ferrite grains, pearlite patches, or Widmanstatten areas. 
seen at a manification of 100 diameters in the materials as used. 

Normalized and Drawn. In the planning of the initial work, 
it appeared desirable to have the steel from the various heats all 
given the same heat-treatment. Therefore, these steels were 
heated for 1 hr at 1650 F, air-cooled, and drawn 1 hr at 1200 F. 
This is a normalizing-and-drawing operation. This type of 
treatment was selected because, as a result of previous work, it 
was felt that it would give the most satisfactory high-tempera- 
ture properties. The results are shown in Chart 1. It presents. 


CHART 38 (Continued) 
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RELATION BETWEEN GRAIN SIZE AND STRUCTURE AND CREEP STRENGTH OF SEVERAL HEATS OF CARBON- 


MOLYBDENUM PIPE WITH VARYING HEAT-TREATMENTS 


Fie. 19 


Heat-treatment 


Heated 1 hr 1650 F 
(b) 7to8 Air-cooled 
(c) Sorbitic pearlite Heated 1 hr 1200 F 
nT | Air-cooled 


Fie. 21 
Heat-treatment 


(a) 4299 Heated 2 hr 1700 F 

(b) 3to6 Cooled at rate of 50 F per hr to 1000 F 
g Peete’ Air-cooled below 1000 F 

(e) 12100 

(f) 0.50 

(9) 100 


LG GES TN eR pen 
yee ie Qo + ook aoe 
es Se oh eRe 
pe e NOt 


Heat-treatment 


(a) 4493 Heated 1 hr 1650 F 
(b) 7Tto8 Air-cooled 
(c) Sorbitic pearlite Heated 1 hr 1200 F 
(d) 2. Air-cooled 


Fie. 22 


Heat-treatment 


Heated 3 hr 1925 to 1975 F 
Furnace-cooled 


(Refer to notezjon opposite page for letter key.) 


not only the resultant structures, but also data as to ferritic 
grain size, carbide structure, creep rate, creep strength, and the 
amount of aluminum added expressed in pounds per ton. In only 
one instance was a true Widmanstiitten type of structure for the 
carbide found. That is shown in Fig. 1, taken from heat 4129. 
This specimen showed not only the best creep properties for all 
those given in this chart, but also for all of those in the investi- 
gation as a whole. Carbide structures of all of the other heats 
were of the sorbitic-pearlitic type, with only a suggestion of a 
Widmanstitten type of carbide structure in one, namely, heat 
43674, shown in Fig. 6. This specimen, however, did not have as 
good creep properties as some of those which were completely 


free from even a suggestion of a Widmanstatten type of structure. 

Because of a suggestion which has been advanced that the 
amount of aluminum is a controlling factor in the attainment of 
superior high-temperature properties (it being intimated that, if 
the amount of aluminum added is under 2 Ib per ton, a heat of 
steel will have good high-temperature properties, whereas, the 
reverse would be expected if it was in excess of that amount), 
the amount of the aluminum added is given in the chart. At 
first glance, the hypothesis with respect to the aluminum does not 
appear to be substantiated. Heat 43674, Fig. 6, was made with 
but 1 lb per ton of aluminum added; yet it is inferior, from the 
standpoint of high-temperature properties to other heats in which 
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the amount of aluminum added was greater than 1 Ib per ton 
and in one case as much as 2.25 lb per ton. Although it is pos- 
sible that the amount of aluminum added per ton may be an in- 
fluencing factor, these results do not appear to bear out this hy- 
pothesis, at least within the limits of the amounts of aluminum 
found in these heats. 

Only one of the heats investigated was so made as to develop a 
5 to 7 grain size when normalized from 1650 F. This is heat 4129. 
Its carbide structure is Widmanstatten and it shows the best high- 
temperature properties of all the heats given in this chart. It 
gives an indication, which is supported in the succeeding charts, 
that, with a grain size ranging from 3 to 6 and with a steel so made 
that when normalized from 1650 to 1700 F a Widmanstatten 
structure results, good high-temperature creep properties may be 
expected. 

Varying Heat-Treatments on Two Heats. For the purpose of 
throwing further light on the influence of grain size and structure 
resulting from heat-treatment on high-temperature properties, 
the results of an investigation on two heats of steel with varying 
conditions of heat-treatment are presented in Chart 2. The re- 
sults given in Figs. 9, 10, 11, and 12 are all from heat 4299, 
which was a heat produced by the National Tube Company under 
conditions which they believed would result in the best possible 
high-temperature properties. It will be noted in looking at the 
chart that this heat of steel, when in the as-rolled or normalized 
conditions, Figs. 9 and 12, shows grain sizes ranging from 2 to 7 
with the carbide structures of the Widmanstatten type. The 
high-temperature creep properties are good, with creep rates under 
the given conditions of 0.8 and 0.6 per cent per 100,000 hr, respec- 
tively. The creep strengths are equally good, with values of 
15,250 and 16,000 psi, respectively. 

On the other hand, when specimens from this same heat of 
steel were annealed, in one case without a preliminary quench 
(Fig. 10) and in the other case following a quench (Fig. 11), the 
high-temperature creep properties of the specimens were adversely 
affected. That is, instead of the creep rates being 0.8 and 0.6 per 
cent, they were 2.7 and 3.8 per cent, and, whereas, the creep 
strengths, as stated in the preceding paragraph, were 15,250 and 
16,000 psi, they dropped to 12,000 and 11,250 psi. 

These differences cannot be laid to grain size, as the grain size 
for all of the specimens, with the possible exception of that shown 
in Fig. 9, was of the same order. Nor can the differences be laid 
to steel-melting practice, as these various specimens were all 
taken from the same heat. The one outstanding variation is that 
of carbide structure. In the first instance the carbide structures 
are of the Widmanstitten type, and in the other case they are of 
the pearlitic type. 

Two different structures and the high-temperature properties 


resulting therefrom are shown for heat 4493 in Figs. 13 and 14 in» 


Chart 2. Fig. 13 shows the specimen in an as-rolled condition 
followed by a 1300 F process anneal and Fig. 14 shows the speci- 
men after it was normalized from 1650 F followed by a draw at 
1200 F. The structure in the process-annealed condition is of the 
Widmanstitten type, with a grain size ranging from 4 to 6. Good 
high-temperature creep properties were obtained. In the case of 
the specimens normalized from 1650 F followed by a draw at 1200 
F, the structure is of the sorbitic-pearlitic type, with a small grain 
size. Its resulting high-temperature creep properties are inferior 
to those found in the process-annealed specimen. The fact, how- 
ever, that good creep properties were obtained in the pipe in the 
process-annealed condition without an abnormally large grain size 
leads the authors to advance the hypothesis that, if the normal- 
izing temperature had been enough higher to give the preferred 
type of grain size and carbide structure, the creep properties of 
the pipe thus normalized would have more nearly approached 
those found in the pipe when in the process-annealed condition. 
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The amount of the aluminum addition throws no light on the 
findings, for, in spite of the fact that more than 2 lb per ton of 
aluminum were added, it did not appear adversely to affect the 
attainment of good high-temperature creep properties for the 
process-annealed specimen. 

In reviewing the findings from the data given in this chart, all 
those specimens which showed superior high-temperature creep 
properties had a Widmanstitten type of carbide structure. 
They also showed moderately large grain size. Inferior creep 


properties were found in all those specimens in which the carbide 


100 


1000 
Fig. 23 Microsrructurns OF WELDED SEcTION oF 0.50 CaRBON- 
MoLyBDENUM STEEL PIPE 
(Heat 4299; weld deposited metal section; stress-relieved at 1200 F for 2 hr.) 


structure was of the sorbitic-pearlitic or pearlitic type, irrespective 
of grain size. 

Summary Data. A general summary of the conditions show- 
ing the relation between grain size and structure and creep 
strength on several heats of carbon-molybdenum steel pipe with 
varying heat-treatments is given in Chart 3. The high-tempera- 
ture creep properties of the specimens shown in Figs. 15 to 18, in- 
clusive, are all of a most acceptable character. The structures 


of the specimens are all of the Widmanstatten type, with grain. 


sizes ranging from 2 to 7. 


On the other hand, the high-temperature creep properties of 
the specimens shown in Figs. 19 to 22, inclusive, are inferior to 
those just mentioned. In the case of the specimen shown in Fig. 
22, the high-temperature creep properties are decidedly poor, 
although the grain size is large. The grain size is equally large in 
the case of the specimen shown in Fig. 21, although its high-tem- 
perature creep properties are superior to those found in the speci- 
men shown in Fig. 22. These two specimens are from different 
heats. It is quite possible that the difference in the high-tem- 
perature creep properties, even though the grain size and the 
carbide structures are substantially the same, is due to the steel- 
making practice. Heats 6442 and 4493, shown in Figs. 19 and 
20, were of the sorbitic-pearlitic type, with grain size ranging from 
7 to 8. They have both been normalized from 1650 He he 
grain size and structures did not respond under this treatment to 
give a 3 to 6 grain size or a Widmanstitten type of structure. 
Failure to do so is probably due to the type of steelmaking prac- 
tice used, with the result that superior high-temperature creep 
properties were not obtained. 

It would appear again, on the basis of the data presented in 
this chart, coupled with the findings shown in Charts 1 and 2, 
that whenever the steelmaking practice is of such a type, ac- 
companied by suitable heat-treatment, as to cause the carbides 
’ to assume a Widmanstitten pattern, with a grain size ranging 
from 3 to 7, superior high-temperature creep properties may be 
expected. Especially is this believed to be the case if the steel- 
making practice is such that these grain sizes and types of car- 
bide structures develop when the heats of steel under examina- 
tion are normalized from a temperature of approximately 1700 F. 


Ati-WELD Mera TEsT 


Recognizing that a very considerable quantity of the carbon- 
molybdenum pipe used for high temperatures is assembled into 
pipe lines by welding, it appeared desirable to determine the high- 
temperature properties of an all-weld section. Two segments of 
pipe, therefore, from heat 4299, were welded together longitudi- 
nally so as to afford sufficient weld material for an all-weld 
specimen. Welding was done by the electric-are process, using a 
carbon-moly rod. Preceding welding, the pipe was preheated at 
450 to 600 F. After welding, it was stress-relieved for 2 hr at 
1200 F. Specimens were taken from all-weld metal sections and 
tested at room temperature and a creep test was made at 925 F 
under a stress of 15,000 psi. 

The results of the room-temperature tensile tests were as fol- 
lows: 


Tensile strength, pSi...------++---e+8ee08? 66650 
Yield strength, psi, 0.2 per cent set.......-- 43000 
Elongation, per cent in 2 in.......-+-+++++> 32.5 
Reduction of area, per cent.....----++++- .65 


These results show that the material possessed acceptable physi- 
cal properties at room temperature. It was stronger, though 
slightly less ductile, than the parent metal. 

The creep-test result was surprisingly good, when it is realized 
that all of the stock in the specimen was made up entirely of all- 
weld metal. It showed the following values under a stress of 
15,000 psi at 925 F: 


Creep rate, per cent per 1000 br....-.--+++++2+> 0.019 
Creep rate, per cent per 100,000 hr.....-.+- +++: 1.9 
Estimated stress for 1 per cent per 100,000 hr... .13,250 psi 


The grain size and structure of the weld metal at 100 and 1000 
diam is given in Fig. 23. It shows the metal to be fine-grained, 
with marked evidence of spheroidization of the carbides. 

These results are both interesting and gratifying. Yet it must 
be recognized that these are the results of but one test of a weld 
made under almost ideal conditions. It would be unwise to attach 
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too great significance to the findings until numerous check tests 
have been made with a variety of welding procedures. 


CoNCLUSIONS 


So far as carbon-molybdenum steel pipe is concerned, it is evi- 
dent, on the basis of this investigation, that, if the carbide struc- 
tures are of a Widmanstiitten type with grain sizes ranging from 
2 to 7, the pipe will have high-temperature creep properties su- 
perior to those in which the carbides exist in other conditions or 
forms. 

The steel must be properly killed to obtain the desired struc- 
ture. A method to determine this is to normalize from around 
1700 F. If the carbides assume a Widmanstitten type of struc- 
ture with grain sizes ranging from 2 to 7, then it may be assumed 
the steel has been properly killed. 

It is also believed that too great, emphasis has been placed on 
grain size and not enough on type of carbide structure. It is 
felt that consideration should be given to both factors, though 
with the greater emphasis on the type of carbide structure. 

The results of the high-temperature tests on the all-weld speci- 
men are both interesting and encouraging, for, in spite of the fact 
that the specimen under test was made up entirely of deposited 
metal, it possessed satisfactory high-temperature properties. 
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Discussion 


R. W. Emerson? ann G. Srypinc-Larsen.? The authors 
demonstrate quite conclusively that, in regard to high-tempera- 
ture properties, the structure of carbide grain is equally im- 
portant to that of structural grain size. This fact should be 
beneficial to piping fabricators and others who do not have 
facilities for creep testing but do have metallographic equipment 
for checking the final grain size and carbide structure and who 
may, by this method, pass judgment on the probable creep 
characteristics of the steel by comparison of the grain structure 
with those shown by the authors. 

It seems that no definite conclusions have been reached with 
respect to the direct effect of actual aluminum additions on the 
creep characteristics of carbon-molybdenum steel, A.S.T.M. 
Specification A-206. 

It cannot be overemphasized that the two most important 
facts brought out by the authors, namely, structural grain size 
and carbide structure, upon which good creep properties in car- 
bon-molybdenum steel appear to be dependent, are in turn 
dependent upon maximum heat-treating temperature and rate of 
cooling from that temperature. However, the maximum tem- 
perature and cooling rate, to produce a given grain size and 


8 Metallurgist, Pittsburgh Piping & Equipment Company, Pitts- 
burgh, Pa. } , 4 

9 Chief Engineer, Pittsburgh Piping & Equipment Company, Pitts- 
burgh, Pa. 
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carbide structure, are to a great extent dependent upon the 
amount of aluminum added to the steel. The carbide structure 
formed by cooling, at a given rate from the maximum heat- 
treating temperature, is dependent upon the austenite grain 
size produced by heating to that temperature. 

For example, upon heating a carbon-molybdenum steel, con- 
taining 1/2 lb of aluminum per ton, to 1700-1750 F, an austenite 
grain size should be established which will normally produce 
upon air-cooling a Widmanstitten carbide-ferrite grain size of 
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Fic. 24 VARIATION IN GRAIN SIZE AND CARBIDE STRUCTURE AS A 
FUNCTION OF THE HEAT-TREATMENT TEMPERATURE 


(Coarse- and fine-grain carbon-molybdenum steel, A.S.T.M. Specification 
A-206.) 


the desired A.S.T.M. 3 to 6. Air cooling is sufficiently rapid 
so that complete rejection of the ferrite to the austenite grain 
boundaries is impossible while cooling through the transforma- 
tion range of the steel, resulting in somewhat of an acicular 
carbide grain structure!® (Widmanstitten), as is shown in the 
large grains of Fig. 12 of the paper. 

In contrast to this, a carbon-molybdenum steel, containing 
2.25 lb of aluminum or more per ton, when heated to 1700-— 
1750 F would establish a fine grain size (A.S.T.M. 7 to 8). Since 
the austenite grain size is small, the distance from center to 
edge of the austenite grain is also small and, for the same cooling 
rate as mentioned, sufficient time elapses for essentially complete 
rejection of the proeutectoid ferrite, with the result of a sorbitic 
pearlite and an equiaxed grain structure. Thus, aluminum is 
believed by the writers to have an indirect effect on the creep 
characteristics of carbon-molybdenum steel by affecting the 
grain size and carbide structure of the material for a given heat- 
treating cycle. This is substantiated by Figs. 1 to 8 of the paper, 
in which Figs. 1 and 6 show evidence of a Widmanstiitten struc- 
ture though Figs. 2, 3, 4, 5, 7, and 8 show no traces of such. The 
effect of aluminum on grain size, carbide structure, and heat- 
treating temperature is shown schematically in Fig. 24 of this 
discussion. 

Fig. 24 shows that a Widmanstitten carbide can be obtained 
at a slightly smaller grain size in a steel with a small quantity of 
aluminum added than with one containing a larger quantity 


of aluminum. It also shows that carbon-molybdenum steel, 


10 “The Grain Size of Steel’” by J. R. Vilella, Mechanical Engineer- 
ing, vol. 62, April, 1940, p. 302; par. 7 gives a detailed description of 
these phenomena. 
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containing a large quantity of aluminum, can be made to coarsen 
to the desired 3- to 6-grain size and produce a Widmanstitten- 
carbide structure by the use of excessively high heat-treating 
temperatures (1850-1950 F). From the customer’s standpoint, 
however, it is desirable to get the required grain structure at the 
lowest possible heat-treating temperature, since oxidation 
(sealing) may possibly encroach on the minimum wall thickness 
of the pipe when excessive heat-treating temperatures are used. 


P. A. Satmon.!! This interesting paper makes no reference 
to uniformity of grain size which in the past has been considered 
as an important factor in determining the acceptability of car- 
bon-molybdenum steel pipe for high-temperature service. Some 
of the photomicrographs illustrated in the paper show a pro- 
nounced duplex type of structure. Some comments by the 
authors on this phase of the subject would be of interest. 

It is hoped that information concerning the impact value of 
steel showing the Widmanstitten structure will be given in the 
authors’ closure. 


S. H. Weaver.’ In their present contribution on grain 
size and structure in carbon-molybdenum steels, the writer 
agrees with the general principles and conclusions of the authors’ 
but would like to express a somewhat different viewpoint on some 
of the details presented. 

E. R. Parker,}* in a recent paper, states that increased creep 
strength in steels at elevated temperatures is obtained by two 
general methods: (a) By the use of solid-solution alloys, as small 
percentages of molybdenum and tungsten, where a crystal- 
boundary effect necessitates adjusting the grain size to an 
optimum value; (6) by the use of precipitation-hardening alloys 
where size, shape, and dispersion of the precipitated phase are 
much more important than the grain size. 

The writer, in a current article,!4 presented a series of long- 
time tests in support of Parker’s first type of creep strength 
and outlined the grain-size creep-strength temperature charac- 
teristic for carbon-molybdenum steel. In those various special 
tests, the object was to hold the structure constant and isolate the 
boundary or grain-size effect. At no time has any one in our 
creep-test organization overlooked the importance of the struc- 
ture. The early creep tests at 750 and 840 F were always run 
with three treatments, oil quench, normalize, and anneal. 
These and later tests indicate that in the low-alloyed molybdenum 
steels at 750 F, the oil-quench treatment is the strongest in creep; 
at about 850 F, the oil-quench and normalized structures are of 
equal creep strength; for increasingly higher temperatures, the 
normalized treatment leads, until near 1000 F the normalized 
and annealed structures become of equal creep strength for long- 
time, low-creep-rate tests. 

Recognizing the greater creep strength at 925 F for the normal- 
ized or Widmanstitten structure over the annealed or sorbitic- 
pearlite structure, another factor enters the problem in the 
decrease in creep strength with time at temperature due to 
carbide spheroidization. The normalized carbon-molybdenum 
pipe steel becomes spheroidized in one third of the time required 
for the annealed steel to attain a similar condition, when both 
are without stress. There is evidence that the time period is de- 


11 Assistant Engineer, Public Service Electric and Gas Company, 
Newark, N. J. Mem. A.S.M.E. 

12 Turbine Engineering Department, General Electric Company, 
Schenectady, N. Y. 

13 “*The Development of Alloys for Use at Temperatures Above 
1000 F,”’ by E. R. Parker, Trans. American Society of Metals, vol. 
28, Dec., 1940, p. 797. 

14 ‘Relation of Grain Size to Creep Strength of Carbon-Molyb- 
denum Steel,’”’ by S. H. Weaver, General Electric Review, vol. 43, no. 
9, Sept., 1940, pp. 357-364. 


Fic. 25 Gratn SI1ZB AND STRUCTURE AS ROLLED 


(Air-cooled from rolls, then drawn at 1200 F, 1 hr, furnace-cooled. Creep 
stress 18,700 psi at 932 F, for creep rate of 1 per cent per 100,000 hr; X 100.) 


Fig. 27 Same Mareriay as Fie. 25, Arr-CooLep Twicr THROUGH 
CriticaL TEMPERATURE THEN GIVEN AppITIONAL HEATING 


(Heated at 1920 F, 15 min, air-cooled, and 1200 FS2 br; furnace-cooled. 
Creep stress 11,000 psi at 932 F for creep rate of 1 per cent per 100,000 hr; 
x 100. 


creased by stress. Some authorities contend that the greater 
initial strength of the normalized structure compensates for its 
more rapid deterioration. Until more data are obtained, it is 
believed conservative practice to design for the annealed, more 
stable steel for 925 F and higher service temperatures. Prof. 
White was consulted on several occasions upon the spheroidiza- 
tion question and the problem is mentioned here only to indicate 
why, at the present time, an annealed treatment for the higher 
service temperatures is preferred. 

Tests on material from the same pipe length demonstrate the 
effects of structure, grain size, mixed grains, and aluminum 
killing of the steel. A 65/s-in-outer-diam, 0.56-in-wall carbon- 
molybdenum pipe, manufactured before the present grain-size 
requirement was placed in A.S.T.M. Specification A-206, was 
selected from stock for special tests. The chemical analysis 
was carbon 0.14, manganese 0.44, silicon 0.16, and molybdenum 
0.46; open-hearth steel killed with 2.25 Ib per ton of aluminum. 
Fig. 25 of this discussion represents grain size and structure as 
rolled. Fig. 26 is the same structure after heating to 1800 F for 
1 hr, cooled by water spray, and not drawn. Creep strengths at 


WHITE, CROCKER—GRAIN SIZE, STRUCTURE, CARBON-MOLYBDENUM STEEL PIPE 


759 


Fic. 26 Same Marpriat as Fic. 25 Arrer ADDITIONAL HEATING 


(After 1800 F, 1 hr, cooled by water spray and not drawn. Creep stress 
23,000 psi at 932 F for creep rate of 1 per cent per 100,000 hr; 100.) 


Fig. 28 Grain Siz AND STRUCTURE OF Two SampLes RESULTING 
From Sim1LaR PRETREATMENT AS Fria. 27, Burt WiTH A DIFFERENT 
: ANNEALING AND CooLinG CYCLE 


(One sample annealed at 1650 F, 8 hr, furnace-cooled, and other at 1950 F, 4 
hr, furnace-cooled. Creep stress 8200, and 8000 psi, respectively, at 932 
F for creep rate of 1 per cent per 100,000 hr; 100.) 


932 F, 7 deg higher than the authors’ tests, are 18,700 and 23,000 
psi, respectively. Fig. 27 began with the structure in Fig. 25, 
heated and cooled twice through the critical temperature and 
then heated to 1920 F for 15 min, air-cooled, and followed by 1200 
F, 1 hr, furnace cool; creep strength 11,000 psi at 932 F. Fig. 
28 had a similar pretreatment as Fig. 27, then annealed at 1650 
F for 8hr. A second sample also represented by Fig. 28 has the 
same cycle except annealed at 1950 F for 4 hr. The creep 
strengths at 932 F were 8200 and 8000 psi, respectively. Figs. 
25, 27, and 28 show the combined effect of grain size and structure 
upon the creep strength, for there is only a trace of the Widman- 
statten formation in Fig. 27. Fig. 26, due to the absence of the 
draw, gave a decreasing creep strength for a creep rate of 1 per 
cent per 100,000 hr, the longer the test was continued. 

The separation of the effects of grain size and structure requires 
the reproduction of the grain size in Fig. 25 of this discussion, 
in an annealed structure in the same steel. This was impractical 
as shown by curve I for grain growth in Fig. 29 of this discussion. 
The uniform grain size in Figs. 27 and 28 held constant for 4 hr; 
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then for longer periods, greatly enlarged grains slowly appeared 
in isolated regions, producing a mixed grain size; that is, a mix- 
ture of large and small grains. At least 12 hr at temperature is 
required before an enlarged, uniform grain size is obtained. 
Other holding temperatures would produce different curves and 
size of coarsened grains. 
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Fic. 30 Grain Sizp AND Heat-TREATING TEMPERATURE IN STEEL 


Curve III in Fig. 30 plots uniform ferrite grain size against an- 
nealing temperature held for 4hr. The aluminum-killed pipe steel 
has a uniform No. 7 grain size up to 1950 F, then enters the shaded 
area which is a “grain-coarsening temperature range” of about 
100 to 150 F. This shaded area shifts temperature location 
which must be found by trial test of each steel melt. Treatment 
in this temperature range produces a mixed grain size unless 
held at temperature for very long periods, which finally results 
in a uniform, very coarse grain size, indicated by curve I, in 
Fig. 29, and the dashed top of curve III, Fig. 30. There is no 
choice in uniform grain size; only very fine or very coarse grains 
of uniform size can be obtained. When a mixed grain size is 
once established in a steel it is difficult to eliminate by the 
usual subsequent heat-treatments. 

For comparison, another steel was tested with that in curve I. 
This steel was from a 4-in-diam pipe, of the same specification 
as that mentioned, where the billet manufacturer stated that 
the steel was open-hearth, not killed with aluminum. It coars- 
ened from an initial No. 6 to No. 2 uniform ferrite grain size 
within 1 hr, asin curve II, Fig. 29. While a grain-size-tempera- 
ture curve was not made on this steel, Fig. 30, curve IV is repre- 
sentative of curves on electric-furnace and open-hearth low- 
alloy steels, fully deoxidized and without a grain-growth in- 
hibitor. Data for similar curves upon differently alloyed steels 
are given in a previous article.14 Such steels acquire a definite 
uniform grain size in a short time for each increased treating 
temperature. There are many curves, intermediate between 
curves III and IV, depending upon the deoxidization details in 
steel manufacture. 
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The grain size in Fig. 25, with a pearlite structure, could not 
be obtained by isothermal transformations or by different pre- 
treatment cycles, or the treatment proposed by Dorn and 
Harder. The resulting grains were always small or of mixed 
size and creep tests were omitted. 

The authors have not sufficiently emphasized the ill effects of 
mixed grain size upon the creep strength. A definite value 
cannot be assigned to the loss in creep strength, as the effect 
probably varies with the range from larger to smaller grain size 
and the proportion of section area each size occupies in a given 
steel. The author’s Figs. 9 to 12 have mixed grain size while 
the writer’s Figs. 25 to 28 are each of uniform grain size. The 
validity of the test results themselves is not in question because 
the writer’s laboratory had previously exchanged bars with the 
authors and obtained identical creep rates for the same loadings. 
Fig. 9 of the paper, with the mixed grain size, has a creep 
strength of 15,250 psi at 925 F; Fig. 25, with a uniform structure 
and the same size of ferrite grain, tests 18,700 psi at 932 F. 
Fig. 12 with an extremely mixed grain size had nearly the same 
treatment as the uniform structure in Fig. 26. Fig. 12 tested 
16,000 psi at 925 F, while Fig. 26 gave 23,000 psi at 932 F. A 
correct comparison of the annealed structures is difficult. Figs. 
10 and 11 of the paper both show mixed sizes with an oversize 
grain and a smaller grain which is probably the optimum grain 
size for maximum creep strength; tests 12,100 and 11,250 psi 
at 925 F. Fig. 28 has undersize but uniform grains; tests 8200 
and 8000 psi at 932 F. A possible explanation of these compari- 
sons of creep strength gives greater weight to the effect of grain 
size; the weakening effect of mixed grain sizes, when all sizes 
are large as in Figs. 10 and 11, is less than the weakening effect 
of undersized but uniform grains as in Fig. 28 of this discussion. 
Considering the harmful effects of nonuniform grain size upon 
the creep strength of steels, the data given do not justify the 
conclusion that structure is more important than grain size in 
creep strength. 

The characteristics of grain size in carbon steel have been 
extensively studied in technical literature, particularly in con- 
nection with the carburizing steels and with heat-treatment of 
steel for use at lower temperatures where the finer-grained, 
aluminum-killed steels are desirable. The making of alloy steels 
to a larger grain size for service at higher temperatures has not 
been much discussed. While open-hearth practice is usually 
limited by aluminum deoxidization to either a fine or coarse 
grain size similar to curve III, Fig. 30 of this discussion, the high- 
temperature user prefers a steel with the characteristics of curve 
IV so that, by a change in heat-treating temperature, any desired 
grain size could be obtained. 

The mixed sizes of grains are related to the aluminum killing 
of the steel which introduces a peculiar inhibitor to grain growth. 
The grain-size restrainer cannot be judged by the amount of 
aluminum added to the molten steel, the total aluminum remain- 
ing in the steel, or the aluminum in solution, but is closely related 
to the aluminum oxide in the steel. The effectiveness of the 
latter is regulated principally by the degree of oxidization and 
temperature of the molten steel when the aluminum is introduced. 
The characteristics produced by a strong grain-growth inhibitor 
seem to apply to the eight steels analyzed in the authors’ Table 
1 in Figs. 1 to 8 inclusive, and to the writer’s tested steel in 
Figs. 25 to 28, inclusive. 


H. Montcomery.'® Professor White and Mr. Crocker are to 
be congratulated on this fine piece of work which shows the ef- 


16 ‘Relation of Pretreatment of Steels to Austenitic Grain Growth,” 
by J. E. Dorn and O. E. Harder, Trans. American Society of Metals, 
vol. 26, 1938, p. 106. 

16 The Lunkenheimer Co., Cincinnati, Ohio. 


Fic. 32 (Magnification 500) 


fects of some variables on the high-temperature creep properties 
of wrought carbon-molybdenum steel pipe. 

From work done on cast steels of the WC-4 (A.S.T.M. A- 
217-39T) type, the writer has also come to the conclusion that 
the Widmanstiitten type of structure imparts superior creep 
strength. Photomicrographs, Figs. 31 and 32, show two differ- 
ent types of structure as illustrative of this. Fig. 31, a specimen 
in which the Widmanstatten type of structure has been developed, 
shows a creep rate only one tenth as great as that of Fig. 32 
with a structure similar to the sorbitic pearlite of the authors. 
Tests were made at 950 F and 15,000 psi. 

From the apparent agreement of the writer’s findings with 
the authors on the effect of structure the question is raised 
whether or not other steels of similar type may behave likewise. 
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AurHors’ CLosURE 


The authors agree with the statement of Messrs. Emerson and 
Sinding-Larsen that ‘no definite conclusions have been reached 
with respect to the direct effect of actual aluminum additions on 
the creep characteristics of carbon-molybdenum steel, A.S.T.M. 
A206.” The results given in the paper do tend to show, how- 
ever, that when more than about 11/2 lb of aluminum are added 
per ton, the steel is sluggish in responding to grain-coarsening 
treatment and that very little if any of the Widmanstatten type 
of structure is present even in normalized material. The effect on 
creep strength of deoxidizing steel with aluminum or silicon- 
aluminum, as compared with silicon alone, is under investigation 
by the Joint Research Committee on Effect of Temperature on 
the Properties of Metals,'’ although no information seems to be 
available as yet on carbon-molybdenum pipe steel. It is to be 
hoped that the scope of future reports will be extended to furnish 
data on this important material. 

Mr. Salmon touches upon the effect of duplex structure. 
Probably no steel can be said to be completely free from a duplex 
structure. It is a question of degree. The authors do not feel 
that most of the steels reported in their paper could be classified 
as duplex in the normally accepted interpretation of the term. 
Work of other investigators has shown that a pronounced duplex 
structure does appear to affect adversely the high-temperature 
properties of the steel. 

The authors are in general agreement with Mr. Weaver with 
respect to the effect of oil-quenching, normalizing, and drawing 
on creep strength at the temperatures listed or implied. How- 
ever, he apparently prefers an annealed structure to a Widman- 
statten structure for 925 F service, basing his objections to the 
latter on an assumed higher rate of spheroidization, with re- 
sultant loss in creep strength. While Mr. Weaver concurs in 
recognizing the greater initial creep strength at 925 F for the 
normalized or Widmanstiitten structure over the annealed or sor- 
bitic-pearlite structure, he expresses concern over the possibility 
that the creep strength of normalized material would decrease 
sooner with time at temperature owing to faster carbide sphe- 
roidization. Reasoning from the latter premise he concludes that 
the annealed structure should be the more stable over extended 
service periods and that it should be preferred for that reason. 
This hypothesis seems to be based on an expressed belief that 
“the normalized carbon-molybdenum pipe steel becomes sphe- 
roidized in one third of the time required for the annealed steel to 
attain a similar condition.” 

In the authors’ opinion the data available on spheroidization 
are too meager at the time of writing to justify any definite con- 
clusion on behavior at 925 F. One of the authors did some work 
in his laboratory on a 0.13 per cent plain carbon steel which at 
1200 F showed the rate of spheroidization in the normalized state 
to be about 3 times that for the same steel when in an annealed 
condition. This probably is the test which Mr. Weaver had in 
mind in his discussion. By extrapolation, the time for complete 
spheroidization at 925 F would be about 80,000 hr for the same 
plain carbon steel in an annealed condition. As stated, the 
authors question the wisdom of drawing conclusions from such 
meager data, especially when observations made at 1200 F have 
to be extended to 925 F, when conclusions are drawn from findings 
on a plain carbon steel rather than on a low-alloyed steel, with the 
recognition that a low-alloyed steel takes longer to spheroidize 
than a plain carbon steel, and, further, when conclusions are 
drawn from a test made on only one heat of steel. 


7 “Study of Effect of Variables on the Creep Resistance of Steels,” 
by H. C. Cross and J. G. Lowther, Report of A.S.M.E.-A.S.T.M. 
Joint Research Committee on Effect of Temperature on Properties 
of Metals, Proceedings, American Society for Testing Materials, 
vol. 40, 1940, pp. 125-153. 
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TO TABLE 4); 


Fie. 35 Specimen 3, ANNEALED AT 1650 F 

In fact, Mr. Weaver observed in the preceding paragraph of his 
discussion that “for increasingly higher temperatures (above 
800 F), the normalizing treatment leads, until near 1000 F the 
normalized and annealed structures become of equal creep 
strength for long-time, low-creep-rate tests.” In this connection 
the authors wish to point out that their own conclusions are 
based on creep tests carried on at a loading of 15,000 psi for a 
full 1000 hr or more at temperature as prescribed by the Joint 
Research Committee on the.Hffect of Temperature on the Proper- 
ties of Metals. Until conclusive data based on long-time tests 
are offered in proof of serious spheroidization of normalized 
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STRUCTURES OF A CARBON-MOLYBDENUM PIPE STEEL (HEAT 5085) AFTER VARIOUS HEAT-TREATMENTS (REFER 
LONGITUDINAL SECTIONS; MAGNIFICATION 100 
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Fic. 36 Specimen 4, NorMALIzHD av 1600 F 


carbon-molybdenum pipe steel at 925 F, the authors are dis- 
posed to dismiss this fear as not substantiated, 

Furthermore, the most deleterious effeet of spheroidization 
which the authors can foresee for normalized material would be a 
gradual decline in physical properties. The authors see no reason 
why any mere change of a small order in the rate of creep need 
be distressing in the case of a carbon-molybdenum pipe line. In 
fact the lesser over-all, or cumulative, creep of the normalized 
material would seem preferable to the greater, though more uni- 
formly progressing, creep rate of the annealed material. 

The high-temperature data given by Mr. Weaver and his dis- 
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STRUCTURES OF A CARBON-MOLYBDENUM PIPE STEEL (HEAT 5085) AFTER VARIOUS HEAT-TREATMENTS 


(REFER TO TABLE 4); LONGITUDINAL SECTIONS; MAGNIFICATION 100 
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Fic. 39 Specimen 7, NorMauizep aT 1800 F 


cussion of them are appreciated by the authors. Unfortunately, 
the type of steel from which these data were obtained is no longer 
considered acceptable for high-temperature purposes, that is, 
it would not show grain-coarsening characteristics if annealed or 
normalized from 1700 F. This is shown by the fineness of the 
grain in Mr. Weaver’s photomicrograph, Fig. 28. If the steel were 
of the grain-coarsening type, the grain size would have been ma- 
terially coarser than was given by the heat-treating cycle which 
ended with an anneal at 1650 F for 8 hr. 

The authors fail to see how conclusions can be drawn from Mr. 
Weaver’s data as to the relative effect of grain size and structure 


Fic. 40 Specimen 8, NoRMALIZED AT 1650 F anp DRAWN AT 1200 F 


for, in the data given, no one variable appears to be held con- 
stant. 

Attention is directed to the fact that treatment given the 
authors’ sample, shown in Fig. 12 of the paper, was different from 
that given the sample shown in Mr. Weaver’s Fig. 26. The 
authors’ sample was quenched and normalized, whereas, Mr. 
Weaver’s was quenched only. 

The authors appreciate the material contributed by Mr. 
Weaver but regret that they cannot agree with all of his con- 
clusions. 

Mr. Montgomery’s findings to the effect that the Widman- 
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stiitten type of structure in cast steels of the WC-4 type improves 
high-temperature properties are interesting and timely. 

The authors concede, of course, that there are other criteria be- 
sides tensile properties and creep strength on which the behavior 
of carbon-molybdenum pipe steel should be judged. The relative 
susceptibilities to stress-temperature embrittlement of annealed 
versus normalized carbon-molybdenum pipe steel have been 
investigated on a basis of time-to-rupture tests by E. L. Robin- 
son.18 While the results so far reported are somewhat limited, 
they would seem to indicate that, for temperatures of 900 to 
1000 F, the normalized material continues to exhibit superior 
load-carrying ability over long periods despite a somewhat 
lesser elongation at the point of failure. It is to be hoped that 
this line of investigation will be continued by Mr. Robinson and 
others in an effort to obtain more conclusive data on this inter- 
esting phase of high-temperature behavior. 

At the time the paper was presented, assurances were given 
that impact values for several conditions of heat-treatment 
would be furnished in the authors’ closure. These tests were con- 
ducted with a view to determining: 

(a) Whether the impact strength of “as-received” pipe was 
adequate without further heat-treatment. 

(b) Whether normalizing or annealing gave superior impact 
strength. 

(c) Whether a draw at 1200 F was beneficial to the impact 
strength of normalized pipe. 

In order to make the results truly comparable, all impact-test 
coupons were machined from a single specimen of pipe. It is of 
interest to note that the impact strength for this particular 
specimen of pipe was somewhat below par in the “as-received” 
condition so that the effect of favorable heat-treatment was dis- 
tinctly marked. For the sake of accuracy, three longitudinal and 
three transverse impact coupons were tested for each condition 
of heat-treatment. The results are given in Table 4. 

The microstructures resulting from the various heat-treat- 
ments are shown in Figs. 33 to 40, inclusive, of this discussion. 
Photomicrographs were taken of both longitudinal and transverse 
specimens but without showing any significant difference, hence, 
only one set is reproduced here to serve for both. 

The results of the impact tests serve to confirm the general 
conclusions stated by the authors in their original presentation 
of the paper. They still prefer to have the carbides exhibit a 


18 “High-Temperature Rupture and Creep Tests,’’ by E. L. Robin. 
son, Proceedings of the American Society for Testing Materials, vol- 
40, 1940, pp. 811-817. 
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TABLE 4 RESULTS OF IMPACT TESTS, CARBON-MOLYBDENUM 
PIPE 268, HEAT 5085 


No. of -—Impact strength, ft-lb’—\ 
specimen Condition of specimens Longitudinal Transverse 
1 As received? 10 12 
2 Drawn at 1200 F 14 1133 
3 Annealed at 1650 F 14 14 
4 Normalized at 1600 F 87 62 
5 Normalized at 1650 F 83 60 
6 Normalized at 1700 F 68 52 
7 Normalized at 1800 F 40 29 
8 Normalized at 1650 F and drawn at 
1200 F 79 63 


a According to Section 4(a) of A 206-40 T. 
.b Average of three tests; standard A.S,T.M. Charpy V-notch specimens 


considerable amount of Widmanstitten structure with a grain 
size ranging from 2 to 7 when normalized from a temperature 
around 1700 F. This view is supported by the decided improve- 
ment in impact strength afforded by normalizing, as compared 
with the inferior strength exhibited by the annealed specimens. 

The results of the impact tests point to the possible desirability, 
moreover, of normalizing the ‘‘as-received”’ pipe rather than using 
any of it (viz., as straight lengths) in the “as-received” condi- 
tion. On the other hand they raise a question of whether a draw 
at 1200 F following the normalize is sufficiently beneficial to be 
worth the extra expense. Owing to temperature variations 
throughout a commercial heat-treating furnace, it may be ex- 
pedient to state a desired temperature range for the pipe ma- 
terial in the charge, say from 1650 to 1725 F as outside limits 
where the steel is made by the preferred melting practice. 

In conclusion the authors wish to emphasize that heretofore 
not all molybdenum steel has been made by a melting practice 
conducive to producing large grains (say 3 to 6) when given a 
grain-coarsening treatment at 1700 F, or thereabouts. Steel 
which is not responsive to grain-coarsening treatment at this 
temperature does not tend to develop the desired Widman- 
stiitten structure on normalizing. Sluggish steels of this sort are 
illustrated in the photomicrographs of Figs. 2, 3, 4, 5, 7, and 8 
of the paper, whereas, somewhat more responsive steels are 
shown in Figs. 1 and 6, and the preferred type in Fig. 12 of the 
paper and Fig. 38 of this closure. None of the steels investi- 
gated, however, showed characteristics sufficiently poor to war- 
rant outright rejection for the working stresses contemplated. 
Where the superior characteristics possessed by Heats 4129 and 
4299 (Figs. 1 and 12, respectively) can be counted on, there would 
seem to be some justification for allowing correspondingly 
higher working stresses, provided further investigation does 
not show an excessive tendency to spheroidization or to stress- 
temperature embrittlement after prolonged service at 925 I’. 
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CREATIVE ABILITY 
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One-way street. .......c20ee eee ee eeee 
Plansiforiactiowy sarc ci< clesys/s cove ones ouel dots 
Postwar planning now......-..--++++-: 
Production and management 
Professor Sweet’s idea........+-+- ie 
Role for engineer8.......+--+eseeeeeees 
Salute to mechanics.........--++-+-e00- 
Shortages) ajc: sees cet siele sere etorete 
Sixty-year index. .......-. sees ee eeeeee 
Substitute materials......-...--+eseeee 
Task for engineersS.......-.-+-+ e+e sees 
Time by the forelock.........-.-..+--: 
Timely bibliography.......----++--++-- 
Use the best you have...........--.+6- 
Wanted: Physicists...........---++6+ 
War on waste...... 
What makes it tick.... 
What’s your definition 
Winning and losing the war........---- 


Epucation. See also Engineers’ Council 
for Professional Development, Indus- 
trial Training, Society for the Promo- 
tion of Engineering Education. 
Advanced mechanics courses at Brown... . 
Brown University to continue special ad- 

vanced instruction and research in me- 

CHBWICS cies hale Soe ale sos ole arsisiplmasinies 
Charts on dimensional control available 

for defense classes........++-+eeeeee 
College defense training enters 

RAGE DMN Moco do eco dean soo bUG > Rowan 
Conference for mechanical-engineering 

teachers at Purdue..........+--+e0-- 
Continuous growth needed (A).........- 
Encouraging creative ability (C)........ 
Engineering colleges not likely to gradu- 

ate class of 1942 earlier than usual...... 
Engineering defense training..........-. 
Engineering students, 1940-1941 (A)..... 
Fine literature (Ed) 
Form the habit now (Ed)........+-++++ 
Functions of design engineer...........- 
Improvements in technical education 


Interchange of students (A)..........-- 
Jowa summer management course, June 
9-27 
M.I.T. to offer graduate courses in indus- 
trial ECONOMICS... 2.0005 0cs- scree cere 
Pitt establishes research division in engi- 
MOCTUNG) selec vo disieyiese wisreisutee nie eee ner 
Qualifications for operating responsibili- 
POR ree ei clar aie ecto iach ene etforaur elavsueisxelarg 
Railroads need college men (A).. 
Science and human prospects (A) 
Suggested design for mechanical engi- 
neering curricula.........2e+-+eesees 
Training for national defense..........-- 
University and industry (A).......+--+. 
Unused potentialities for aeronautical 
research and development..........-- 
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Fifty-year member........00+-+++-e00- 61 
Hurwicz, LEONID 
Economic mobilization (BR)..........+- 374 
Hurtcuins, Ropert M. 
Confusion and hope (Ed)........-+++++ 772 
Hypravutic ACCUMULATORS 
Recent developments in metal extrusion. 16 
HypRavLtic INSTITUTE 
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Molybdenum high-speed steel.......... 
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METEOROLOGY | 
Developments in........-+++eee+eeeeee 
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Steam-locomotive design (C).......+++- 
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Safety features on mills and calenders for 
rubber and plastics,........++e++e+05 521 


a 


} 
} 


SOCIETY RECORDS—INDEX TO MECHANICAL ENGINEERING, VOL. 63 


Puatrorm Trucks. See Materials Han- 


ling. 


PLEXIGLASS 


Martin B-26 bomber uses transparent 
DUISEIC ICA Ness cloves usactevsiy Gis * wis averws 


PLywoop 
WAsecralt ply wood. (CA) \6 <<, 6cyercic sve ale ececis 


PoLaKkov, WALTER N. 


Resources and national defense (C)..... 
Ponp, C. E. 

Modern steam locomotive in freight 

BOLVICE Manele socio; cebeteisiceinicle« «cis Bites 


Popp, C. L. 
Industrial lubrication (C).............- 


PorTLAND CEMENT 
Use of hard-faced grinder rings (C)....... 


Post-Drerrnse PLANNING. See Planning. 


Porrer, A. A. 
Training for national defense........... 


Powett, R.C. . 
Dual-purpose power plants (D)........- 


PowrER 

Costs of steam and power in an industrial 

RR TAE AM ee retarans: stasiniaase eves ainelievare 
Diesel cost and performance data report 

ONCE) Q55643> atop aden aeeimoo mnie nOn 
Future of power use in the Pacific North- 

west (C) 
LEM ESRC GYCCEN NS. noo olalo GU.c 0 omnes ochOm 
Power and combustion (A)...........4. 
Power census—1939 (A).............65 
Progress of higher pressures in the indus- 

jaw lider, UD soudcns sole Gm On On - 
Resources and national defense (C) ..... 
Smith-Putnam wind turbine (A)........ 
Malevot two Clty: Stations. «<c.-ne26+ +e. 


Power PLANTS—BINARY-VAPOR 
Mercury vapor for central-station power 


Rieishel eke Lovet sbareterete evens ial ctals invite 351, (C) 


Power PLANts—HyDROELECTRIC 
Power-operated rakes for hydraulic 
ATLCAICCS trike lon tolietateseNerencte)icvel= 269, (C) 


PowrerR PLANTS—STEAM 

Coal-handling systems for central sta- 

PLOMIS Hi CAME he) ch clleaveuauan Aiea sy aces mioiietnle 
Factors of power-plant design (D)....... 
Floating power plants (A) 
Progress of higher pressures in the indus- 

trial plant (D) 
900-lb-plant operation (D).........-... 
Egle otat wo Clty, BUALlIONSs nicer) -vsyeieie) sre 
Twin Branch hits 10,200 Btu (A)........ 
Watts Bar steam power station of T.V.A. 


Power PRESSES 
Hydraulic press with dies of wood, metal, 
and rubber (P) 
Recent developments in metal extrusion... 


PowrR PROVER 
Wood-burning space heaters (C)......-- 


Power Test CopEs 
Preliminary draft of information on in- 
struments and apparatus section on 
liquid-column gages completed 
Preliminary draft of information on in- 
struments and apparatus section on 
measurement of power by means of 
dynamometers completed..........-- 
Progress reported at Annual Meeting... . 
regulation and heat value of 
V1 Feeney ey ae ee PRICIER RRO 493, (C) 
Test code for gaseous fuels completed.... 
Test performance of gas engines. .493, (C) 


PRESSURE VESSELS 
Chart for determining wall thickness 
for tubes under external pressure...... 
Pressure vessels and tanks (BR)........ 


Prizes. See Honors and Awards. 


Propucr Drsten. See also Production En- 
gineering. 
Welding in wartime (A)........-.--+085 


Propuct INSPECTION 
Army matériel inspection....... 278, (C) 
Defense training 
Dimensional control (A)........- Soporte 
Planning for accelerated production..... 
Problems of inspection of naval material. 


Propuction ConTROL 

Dimensional control (A).......-++--+++> 
Production illustrations speed aircraft 
assembly 
Quantity production of gyro 
BLOM USiore ole = rere elm aus) «)niteiae).si's).au te lee +) «bates 
Small assembly parts packed in cello- 
hane bags (P) 
Subcontracting problems.........-+-++- 

PrRopucTION ENGINEERING 
Introduction to its essential factors and 
DTANCIOLES cits eyeinie sls sheis slejns i eae Bl sie 
Planning for accelerated production.....- 


Propuction EXPANSION 
Labor in Great Britain (A).......-;+++- 
New production lines for aircraft engines.. 


405 


PRODUCTIVITY 
Post-defense income (A)...........+-5-. 821 
PROFESSIONS 
What is a profession? (A).............. 297 
Progection MacHINES 
Dimensional control (A).....0.00..0++.- 732 
PsyCHROMETRIC Data 
Calculation charts for air conditioning 114 
PsYCHROMETRY 
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